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Abstract
This thesis investigates the MBE growth, stability and processing of zinc blende (ZB)
MgS based structures. Although MgS has already proven effective in several applica-
tions, its growth in the ZB phase is still restricted due to a variety of reasons. Therefore,
the main emphasis of this thesis is on probing the growth related problems and developing
new growth techniques. A new method to control the formation of surface defects which
causes the rapid oxidation of MgS layers has been developed first. In contrast to theor-
etical predictions, the growth of ZB MgS has been successfully demonstrated on GaP,
together with GaAs and InP. The Epitaxial Lift-off (ELO) of deposited layers was suc-
cessfully demonstrated on all three substrates. A new modification to the existing ELO
technique, by using polyurethane based flexible carriers, which eliminates the use of wax
and thus avoids many associated problems, has been demonstrated and a simple sample
passivation method based on amorphous selenium is also explained. An effective method
to reduce the number of quantum dots by introducing time delays at various stages of the
growth is developed. Finally, the first experimental demonstration of the direct growth
of ZB MgS on GaAs substrate is followed by the application of this result in reusable
substrates. A single GaAs substrate has been reused five times while still maintaining the
epilayer quality, by performing ELO.
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Chapter 1
Introduction
1.1 Historical Overview of Semiconductor growth technology
The discovery of semiconductors and their applications is one of the most important sci-
entific breakthroughs of twentieth century. Modern electronic devices including lasers,
solar cells, transistors and integrated circuits are all based on various semiconductor ma-
terials. For over fifty years, semiconductor technology developments have been based on
silicon (Si). Availability of large, high purity substrates and high device densities were
among the main advantages associated with the use of Si. Si is also an excellent heat con-
ductor and combines with oxygen to form SiO2, a stable oxide, which acts as a protective
layer during processing and also shields against diffusion of dopants [1]. However Si has
some drawbacks including the indirect band gap and hence cannot be used for optical
devices like LEDs and laser diodes. The slower response time of Si makes it unsuitable
for high performance applications such as high speed large scale signal processing [2].
The demand for high performance semiconductor devices that can be used for advanced
technology applications lead researchers to investigate alternatives for Si, leading to the
development of compound semiconductors including II-VI and III-V semiconductors.
These two semiconductor groups have the advantages of having many compounds with
direct bandgaps covering a wide spectral range which have high quantum efficiency.
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1.2 III-V Semiconductors
Some of the criteria missing in the Si technology have been fulfilled by the advances in
the material research based on III-V semiconductors. The majority of MBE research is
focused on the development of III-V materials and structures with the successful, com-
mercial production of visible-Infra Red, Light Emitting Diodes (LEDs) and Laser Diodes
(LDs). The emission wavelength of these devices is however limited to 600-2000 nm
due to the band gaps of the III-V materials. Compounds such as GaAs and InP have
properties that make them ideal candidates for high speed, analogue and mixed signal ap-
plications. Generally, III-V devices operate faster and consume less power than Si based
devices. GaAs is a typical example, where it has a low-field electron velocity greater than
Si and a lower saturation electric field. However they are comparatively difficult to grow
epitaxially and their material properties are more difficult to control [1].
The development of the blue laser diode using GaN was a major break through in III-V
semiconductor research [3, 4]. These laser diodes allowed a four fold increase in optical
data storage capacity over IR based technology. The main advantages of GaN devices
come from high output power coupled with small volume, whereas the main setback is
the cost. The growing demand on larger bandwidth for wireless communications has stim-
ulated the quest for transistors that can be operated at fastest possible frequencies. Besides
the conventional silicon metal oxide semiconductor field-effect transistors (MOSFETs),
III-V nanowires have been heavily explored for radio frequency (RF) applications. The
III-V high electron mobility transistors (HEMTs) are the latest in this range with the
record-high cut-off frequency ( ft) for InAs-based HEMTs, reaching 644 GHz for 30 nm
long devices on InP substrates [5].
1.3 II-VI Semiconductors
II-VI semiconductors have a wide range of band gap energies ranging from BeSe (6eV)
to HgTe (0eV). The large band gap II-VI materials give transitions corresponding to
wavelengths in the visible and ultra violet region of the electromagnetic spectrum. De-
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velopments in solar cells [6] and electroluminescent phosphors [7] have initially created
interest in these materials. Attempts to fabricate long wavelength IR sensors based on
HgCdTe [8] and during the 1990s, ZnSe based blue laser diodes [9] has also driven re-
search in these materials. Even though the outstanding success of the GaN based devices
has almost stopped research in optoelectronic devices based on ZnSe, research in the field
of IR detectors and solar cells still continues.
The study of dilute magnetic semiconductors (DMS) is another active area of interest
for II-VI materials [10]. ZnSe, CdSe, CdTe and CdS can be used as hosts for transition
metal ions such as Fe, Mn and Co, substituting their original cations to form the alloys
ZnxSe, CdxSe etc., where x = Fe, Mn and Co are the most common DMSs. The electronic
properties and the structure of the host crystals are well known and so they are ideal for
studying the dynamical interplay between carrier transport, electron spin-scattering and
magnetic dimensionality [10].
The main limitation in the II-VI semiconductor material development is the need to grow
on III-V substrates [11], mainly caused by the poor quality and the high cost of the com-
mercially available II-VI substrates. The lattice mismatch between the substrate and epi-
taxial layers leads to strain between the two materials. Dislocations are formed as a result
of the strain relief in the growing layers, thus resulting in the degradation of the material
quality [12]. The life time of active devices like LEDs and lasers will be reduced as a con-
sequence. The use of II-VI semiconductors as base materials for optoelectronic devices
also depends on the realisation of p- and n- type doping in the same material [13], and the
ability to form ohmic contacts to large band gap semiconductors [14], both of which have
proved problematic in the past.
1.4 Growth technologies
Growth techniques have a significant role in the development of any semiconductor ma-
terials. Both molecular beam epitaxy (MBE) and metal-organic vapour phase epitaxy
(MOVPE) offer a precise level of control over the growth process of compound semicon-
ductors. The use of non invasive in situ process sensors that precisely control the film
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thickness, composition, interface quality and uniformity during growth is one of the main
reasons for the success of these fabrication technologies. The successful development of
the devices mentioned in the previous sections has resulted from the atomic resolution of
the growth thickness and composition offered by MBE and MOVPE techniques. These
fabrication techniques allow the use of band gap engineering to alter the band gap by spa-
tially varying the composition and doping concentrations of the semiconductor materials
[15]. Quantum well and quantum dot structures, whose properties have been tailored by
this method and incorporated in devices have resulted in the development of a series of
new electronic and optoelectronic devices [16, 17].
For II-VI semiconductor growth, MOVPE has a number of problems which have hindered
its development. The crucial problems are first, the lack of clean organometallic sources
with low impurity levels and second, the presence of gas phase reaction between the group
II and group VI containing molecules.
MBE is a versatile technique for the epitaxial growth of semiconductor, metal and in-
sulator thin films. In MBE, thin films crystallise via reactions between thermal-energy
molecular beams of the constituent elements and a substrate surface which is maintained
at an elevated temperature under ultra-high vacuum conditions. The absence of carrier
gases as well as the ultra high vacuum environment result in the highest achievable purity
of the grown films. The composition of the grown epilayer and its doping level depend
on the relative arrival rates of the constituent elements and dopants, which in turn depend
on the evaporation rates of the appropriate sources. The growth rate can be precisely con-
trolled, and is low enough that surface migration of the impinging species on the growing
surface is ensured.
There were many attempts to grow compound semiconductors in vacuum before the de-
velopment of MBE technology. Fabrication techniques for epitaxial GaAs on GaAs and
single crystalline Ge substrates by a modified three-temperature vacuum evaporation was
initially demonstrated [18]. The term MBE was first used in 1970 after several years of
extensive studies of molecular beams interacting with solid surfaces. A theoretical paper
published in 1970 on superlattices and negative differential conductivity in semiconduct-
ors opened a whole new dimension for MBE growth for the study of quantum mechanical
effects on a new physical scale [19]. Further, addition of computer control to the MBE
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system and the observation of the negative differential conductivity in superlattice struc-
tures were significant developments [20]. By the mid 1970s, MBE became more common
after reports of the first varactor [21], IMPATT diode [22], room temperature CW semi-
conductor laser [23] and microwave FETs [24]. MBE continued to develop and became a
high volume production technology in the late 1980s. More recently, a series of develop-
ments enabling larger substrates, high uniformity, faster turnaround and real-time sample
monitoring were designed into the MBE system. MBE is broadly used today for advanced
multilayer crystal growth and has led to radically new devices including high-speed tran-
sistors, microwave devices, laser diodes and detectors [25].
1.5 II-VI materials research at Heriot-Watt
The MBE group at Heriot-Watt University was established in 1988 and the first high
quality ZnSe epitaxial layers were grown in May 1989 [26]. The Group was the first
to demonstrate ZnSe/ Zn0.8Cd0.2Se quantum well blue lasers in Europe and has a long
record of doping studies in these materials and provided the first standard CV profiling
methods for these materials [27]. Following the world-wide shift away from blue laser
development, the group has concentrated on a number of different topics related to the
structural properties and fundamental spectroscopy of II-VI semiconductors [28]. Using
X-ray topography, the Heriot-Watt MBE group made the first observations of the onset of
dislocation formation in ZnSe [12, 29].
Later, the group developed ZnS based layers on both GaAs and GaP [30]. At the same
time, the group has also focused on novel II-VI semiconductor systems and for the first
time, demonstrated the growth of the compound MgS in the ZB crystal structure in layers
up to 130nm thick [31]. This material has an extremely wide band gap (∼5eV) and has
opened up the possibility of producing many novel devices. The group has also grown
transition metal sulphides such as MnS, MnCrS, and CrS and investigated the ferromag-
netic and anti-ferromagnetic properties [32]. Intense photoluminescence (PL) emission
has been demonstrated in both MgS/ZnSe and MgS/CdSe low dimensional structures
[33, 34]. Experimental studies on MgS have led to new II-VI technologies being de-
veloped such as a novel lift-off technique in order to investigate room temperature polari-
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tons [35].
1.6 Overview of thesis
This thesis presents the details of the growth of zinc blende magnesium sulphide based
materials and devices. Both the structural and optical characterisation of the materials are
also described along with the developments in some of the key processing techniques.
The Heriot-Watt MBE system is described in Chapter 2. The in situ monitoring technique,
RHEED which is essential to the precision control of the MBE device fabrication is also
detailed in this chapter, together with various characterisation techniques used during this
project, including: X-ray Diffraction, Atomic Force Microscopy, Photoluminescence &
spectroscopic ellipsometry, etc. The experimental setup along with some background
theory of the techniques are also explained.
Chapter 3 gives details of a new method to effectively control the areal density of MgS
based CdSe quantum dots. The dots are mainly counted using AFM with the back up
of PL spectroscopy. Details of the procedures used and the results obtained are presen-
ted. An effective method to eliminate the Se containing clusters from the surface is also
demonstrated.
The control of surface defects during the growth of ZB MgS using a range of Mg fluxes
and a low growth temperature is presented in Chapter 4. XRD rocking curves were used
to determine the growth rate and Zn incorporation. Topography of the MgS surface meas-
ured by AFM will also be included in this chapter along with the observation of two
different types of growth defects. By optimising growth parameters, the growth of the
thickest ZB MgS layer grown to date is also demonstrated.
Chapter 5 compares the growth of ZB MgS on three substrates, GaAs, GaP, and InP where
the growth is investigated by XRD and RHEED. MgS layer strain on these substrates
varied between 3.1% compressive strain (GaP) and 4.4% tensile strain (InP). Results are
compared with predictions that stable growth on GaP is unlikely and relaxed ZB MgS
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should not grow in layers over a few A˚ thick. The calculated dislocation densities are also
compared.
The use of thin ZB MgS epitaxial layers as an effective release layer for epitaxial lift
off for layers deposited on GaP, GaAs and InP substrates is demonstrated in Chapter 6.
The lifted epilayers have been examined using PL and absorption spectroscopy as well as
XRD. The changes in the strain states of the epilayers after lift-off are also studied.
Chapter 7 details the application of two of the post growth processing techniques in II-VI
materials. A modification to the existing ELO technique, offering many advantages and
increasing the range of applications for the technique is demonstrated first. An easy to
apply, sample passivation technique is investigated next.
Chapter 8 gives the details of the first direct epitaxial growth of ZB MgS on a substrate.
Layers up to 40 nm thick have been grown directly on GaAs substrates and this is sub-
sequently used to demonstrate for the first time, the reuse of substrates for II-VI materials
regrowth. Regrowth has been performed up to 5 times on a single substrate without in-
creasing the dislocations on epilayers.
Finally, Chapter 9 includes a summary of the results presented in this thesis along with
the conclusions drawn from the collated data.
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Chapter 2
MBE Growth, technology and characterisation
techniques
2.1 Introduction
Molecular beam epitaxy (MBE) is an ultra-high vacuum technique for the growth of semi-
conductor materials of high chemical purity and structural perfection. The technique typ-
ically uses solid elemental or compound sources of high purity, normally ≥ 6N i.e. better
than 99.9999 % pure.
MBE was developed in the early 1970s in order to accommodate the increasing demand
for a crystal growth technique that could artificially structure layers of high quality com-
pound semiconductors [1]. Its introduction has enabled major advances in the develop-
ment of III-V, II-VI and group IV semiconductor materials.
In this chapter, the operation and structure of MBE systems and the Heriot-Watt MBE sys-
tems in particular are described together with the standard procedure for sample growth.
The main characterisation techniques used in the determination of the structure, compos-
ition and properties of the samples grown in thesis are also outlined in this chapter.
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Figure 2.1: Top elevation of the Heriot-Watt MBE system highlighting the external components
2.2 MBE system design
The MBE system used at Heriot-Watt is a Vacuum Generators V80H machine, which is
constructed from stainless steel. It consists of four vacuum chambers, separated by gate
valves. It has two growth chambers on either ends which are connected by a preparation
chamber, used for sample storage and the pregrowth outgassing of the substrate. A pulley
driven railway system in the preparation chamber enables the transport of samples via a
trolley to and from the growth chambers. In order to maintain the vacuum integrity of
these chambers, samples are transferred to and from the MBE system via an entry lock,
which can be evacuated to a pressure of ∼ 10−6 mbar in approximately 30 minutes by
means of a rotary pump and a small turbo molecular pump. The growth chambers are
named HWA and HWC, where HWC is the newest one, purchased in 2005 and almost
all of the samples grown for this project were grown in chamber C. Samples from C
chamber are numbered sequentially and given the prefix HWC. Both chambers are used
for the growth of II-VI compounds. They each contain sources of Zn, Se, Cd, Mg and
ZnS enabling the growth of a variety of binary, ternary and quaternary compounds. In
addition, the A chamber contains sources for the growth of transition metal compounds.
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To maintain system cleanliness, transition metal sources are not used in the C chamber.
2.3 Ultra high vacuum environment
Although pressures of∼ 10−10 mbar are maintained during growth, pressures in the beam
are ∼ 10−8 to 10−6. These pressures ensure that the mean free path of the atoms effusing
from the Knudsen cells is much larger than the size of the chamber and hence intermolecu-
lar collisions are negligible.
2.3.1 Pressure measurement
Pressure measurement is very important in a UHV environment. A pressure gauge cap-
able of measuring pressures from atmosphere to UHV has not yet been developed. To
monitor pressures in Heriot-Watt MBE system, two types of gauges are used. The choice
of gauge used is dependent on both the residual gases in the vacuum and pressure range.
Accurate pressure measurement of gas mixtures is a difficult process due to the difference
in ionisation potential and cross section. Gauge errors and drift may also contribute to the
accumulated inaccuracy of the measurement.
The ultra high vacuum in both the growth chambers and preparation chamber is measured
by Bayard-Alpert ionisation gauges. In ion gauges, electrons are emitted by a cathode or
filament and accelerated towards an anode grid. These ions may collide with and ionise
molecules in this journey. A collector held at the earth potential attracts the ions. The
collector current depends on the number of ions reaching it, which is dependent on the
pressure. Ion gauges operate in the range of 10−4 mbar to 10−11 mbar and so is ideal for
pressure measurement in the UHV chambers. The upper limit is reached when pressure
is high enough for an electron to ionise more than one molecule after emission by the
filament. The lower limit comes from photoelectrons leaving collector due to the X-
rays emitted when electrons strike the anode grid. During growth, the normal operating
pressure is ∼ 10−10 mbar.
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2.4 MBE Growth Chamber
The crystal growth technology of molecular beam epitaxy involves generating fluxes of
molecules which react at a substrate to form a layered deposit in a UHV environment
such that the molecules do not undergo any collisions between source and substrate. The
growth sources are contained in Knudsen cells (K-cells), which are aligned in line of
sight of the substrate. Heating the source causes material at the surface to evaporate in all
directions and some material travel towards the substrate. As previously mentioned, the
mean free path of the molecules are∼ 50m with respect to the growth chamber diameter of
∼ 1m and is in the molecular flow regime, giving the term molecular beam. This ensures
that the molecules travel uninterrupted to the substrate.
When reaching the substrate surface, various elements and compounds react each other
and form compounds bonded to the surface below them. This way the materials grow epi-
taxially and hence the process is called Molecular Beam Epitaxy. In MBE, the composi-
tion of the surface can be changed in under a monolayer (2.8 A˚ for ZnSe based structures)
for, enabling the growth of high quality multilayers and quantum confined structures. Sur-
face migration is one of the key aspects of MBE growth, where the incident atoms move
around the surface to find suitable bonding locations. This ensures the formation of a
homogeneous surface as the growth progresses. The surface migration of atoms is influ-
enced by various growth parameters including growth temperature, growth interruptions
and material fluxes. A typical atom can move around the growth surface for up to several
tens of nanometers.
A schematic of the HWC growth chamber, which was used for all the growths described in
this thesis, is shown in Figure 2.2. The source flange of the chamber has eight ports, which
house the K-cells. The HWC chamber uses the II-VI elemental sources of zinc (6N),
selenium (6N), cadmium (6N), Magnesium (5N8) and a compound source of ZnS (6N).
Other ports accommodate the high and low pyrometers, quadruple mass spectrometer and
RHEED gun. A viewing port is used to enable the alignment of the pyrometers on the
substrate surface. Another viewing port is used to facilitate the sample loading/unloading
on the manipulator. The substrate arm provides heating and rotation of the wafer during
the growth.
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2.4.1 Cell fluxes
Shutters placed in front of the cells provide means of flux control. The rates of growth and
the compositions of the epitaxial layers are determined by the amount of material reach-
ing the substrate surface and by the substrate temperature. The source cell temperature
determines the rate of thermal effusion of the material and is proportional to the vapour
pressure for the element or compound in respective cells. By taking a reading of the flux
from a cell, the amount of material effused can be measured. A Bayard-Alpert type ion
gauge fixed behind the manipulator is turned towards the growth position to measure the
fluxes in Beam Equivalent Pressures (BEP). The material flux is proportional to the cur-
rent at the collector of ion gauge. A pico ammeter is connected to the ion gauge on the
other end, which reads the flux in nano ampere (nA).
2.5 Substrate temperature measurement
The temperature of the substrate is crucial to the effectiveness of the chemical reactions
taking place on its surface. The atomic processes effective during the growth including
adsorption, desorption, migration and reaction are sensitive to temperature fluctuations.
Therefore it is very important to achieve accurate temperature control of the substrate to
maintain a constant growth rate and ensure superior crystalline quality of the material
produced. Thermocouples and pyrometers are used to control the substrate temperature
at Heriot-Watt MBE system.
2.5.1 Thermocouple Measurements
A thermocouple is formed at the junction of two dissimilar metals, which produce a
voltage in the vicinity of the point where the two conductors are in contact. A small
voltage is produced, typically in the mV range and is highly dependent on, but not ne-
cessarily proportional to, the difference of temperature of the junction to other parts of
those conductors. Therefore by choosing the correct thermocouple type to reflect the
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temperature range over which control is required, a very effective means of temperature
measurement is obtained. As the thermocouple is made from two strands of wire, con-
nected only at the junction, it can be designed into the UHV component to provide the
best position for temperature control.
For the substrate temperature control, a C type thermocouple is used, which is made of
a tungsten/rhenium (W/Re) alloy. This material is used in order to withstand the high
temperatures and corrosive environment found in an MBE system. The thermoelectric
emf generated by the thermocouple is measured by the PID temperature controller which
can remotely control the heater power supply to provide a stable measurement-control
loop. Such a control circuit is used to enable active control of the heater temperature
through the means of a feedback loop. Individual PID parameters are fine tuned to ensure
temperature overshoots and oscillations are minimised.
Correct positioning of the thermocouple is imperative in obtaining an accurate temperat-
ure measurement. The substrate needs to be rotated during the growth and so positioning
the thermocouple in direct contact with the substrate is not practical. Hence it is neces-
sary to position the thermocouple directly behind the substrate heater. This result in a
temperature offset with respect to the substrate surface and thus introduces a systematic
error to the measurement. This offset can also be strongly affected by other factors, in-
cluding the thickness and finish of the molybdenum transfer block and the emissivity of
the surface/deposited layer.
There were problems associated with the thermocouple based temperature measurement
during the growths carried out in the beginning of this project, because of an improperly
connected thermocouple head in the substrate manipulator. Due to the difficulties in fixing
this problem, the entire manipulator has been replaced. This is detailed in Chapter 4.
2.5.2 Pyrometer Measurements
The problems described above, associated with the thermocouple based temperature meas-
urements are largely resolved by the use of infrared pyrometry. Optical pyrometry provides
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a valuable means of indirectly measuring the substrate temperature, and it is a non-contact
form of measurement. This is necessary as the sample is mounted on a solid molybdenum
block with the thermocouple behind the block and in front of the heaters with no thermal
contact with both. Due to this reason, a temperature offset is apparent between the ther-
mocouple and pyrometer temperature readings.
Two Ircon Mirage optical pyrometers were used for the temperature measurements of
the substrate at Heriot-Watt. The low temperature pyrometer covers the range from
120oC−310oC and is used to measure the growth temperature of the samples. The high
temperature pyrometer has a range of 250oC−700oC and is used to monitor the temper-
ature during the oxide desorption of the respective substrates used.
An optical pyrometer works on the principal that the intensity of radiation emitted from a
body is dependent on the temperature of the body as described by Stefan’s law:
H = AeσT4 (2.1)
where, H is the heat current due to radiation, A is the surface area, e is the emissivity, σ
is Stefans constant = 5.6699× 10−8Wm−2K−4, and T is the absolute temperature of the
body [2]. In this way a temperature measurement can be made without direct contact to
the substrate. The pyrometer sensors detect the incident photon flux from the substrate
and convert it into an electrical signal. This signal is coupled through the signal cable to
the detector, where it is linearised and scaled to the temperature range of the system.
The temperature measured may not be the true temperature reading of the sample surface.
A combination of various components can contribute to the total measurement error in
the system (∆Tsystem), represented by:
∆Tsystem =
[
∆Temissivity+∆Ttransmission+∆Tbackground
]
+∆Tinstrument (2.2)
In the above equation, parts within the square bracket represent application errors that can
be controlled manually and are the main contributors to the total error. Precautions must
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Target Temperature (oC) ∆Ttable(oC)
0 0.12
100 0.22
200 0.36
300 0.53
400 0.73
500 0.96
600 1.2
700 1.41
Table 2.1: Table used to determine temperature errors due to emissivity errors.
therefore to be taken to keep these errors at minimum. The substrates used for the growth
of samples mentioned in this thesis are transparent to the operating wavelength of the
pyrometers, ∼ 2.3µm. Hence measurement is made of the indium solder used for mount-
ing through the substrate. The use of these long wavelength pyrometers helps to eliminate
the errors due to reflections of evaporation sources and hot filaments (∆Tbackground).
Although the substrates are largely transparent in the measurement regime of the pyro-
meter, there still is some free carrier absorption of long wavelength radiation. The pyro-
meter will only indicate the real temperature when their emissivity setting corresponds to
that of the target. This necessitates the adjustment of the pyrometer emissivity setting for
the substrate used (∆Temissivity). The magnitude of a temperature error produced by the
uncertainty of a given emissivity error depends on the spectral range of the pyrometer and
the target temperature.
The Mirage pyrometer will indicate a temperature error of a magnitude shown in table
corresponding to 1% emissivity errors [3], ∆Ttable. Temperatures can be determined for
emissivity errors greater than 1% by using the following equation:
∆T =−100× εdial− εtrue
εtrue
×∆Ttable (2.3)
where εdial is the emissivity setting on the instrument dial and εtrue is the true target
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emissivity.
It is very important to have a clear optical path between the pyrometer and the sample.
One of the most common errors is caused by the build-up of material on the pyrometer
port window (∆Ttransmission). To reduce this effect a shuttered UHV window was installed
on the pyrometer port flange, facing substrate. The shutter was necessary to minimise
the material deposited on the pyro window to ensure reproducible measurements, which
were taken at intervals throughout the growth. The build-up is caused by the deposition
from the background pressure of sulphur or from other sublimation of material from the
substrate. By using the ion gauge filament as a reference point for temperature calibration,
it is possible to compensate for this error. The emissivity settings can be adjusted until the
same filament temperature is measured at the beginning of each growth. The pyrometer
window was cleaned whenever the machine was brought up to atmosphere as an additional
precaution against the deposition related effects.
2.6 RHEED
Reflection High-Energy Electron Diffraction (RHEED) is one of the most useful analyt-
ical tool for characterizing thin films during growth by molecular beam epitaxy, since it
is very sensitive to surface structure and morphology. This technique is only available
to UHV growth systems as it requires a collimated beam of electrons to impinge on the
surface of the sample at a glancing angle producing a diffraction pattern which can be
imaged. RHEED is particularly suited to MBE as the apparatus does not use the direction
vertical to the surface of the crystal which is required for the arriving fluxes. It is also very
sensitive to surface roughness, down to monolayer sensitivity. This allows the growth rate
of layers of atoms on the surface to be monitored, by analysing the periodic variations
of the RHEED intensity during growth, the so-called RHEED oscillations. By knowing
both the distance from the sample to the screen or recording medium and the energy of
the electron source, it is possible to calculate the lattice spacings of the sample grown.
RHEED can provide valuable information including, observation of the removal of oxide
layers from the substrate surface, calibration of the surface temperature and monitoring
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Figure 2.3: Schematic of (a) the geometry of RHEED setup inside an MBE growth chamber and
(b) interaction of the RHEED beam with a sample.
the surface reconstruction of the material flux ratio. Information on the growth kinetics
can also be obtained from RHEED patterns.
A RHEED system consists of an electron gun unit and a phosphor screen. In the C cham-
ber, a RHEED gun from STAIB Instruments, which emits high energy electrons in the
range of 0-15 keV was used. The inelastic scattering mean free paths of the beams are
relatively long (∼ 100−1000A˚) and hence the elastic scattering is strongly peaked in the
forward direction with very little back scattering. At glancing angles of incidence, total
external reflection of the beam occurs and thus the beam is diffracted out of the sample
after penetrating only a few atomic layers. This results in a diffraction pattern that is
determined by the periodicity of the sample surface.
2.6.1 Electron Diffraction
The reciprocal lattice of the surface of a flat semiconductor is an array of rods. These rods
are perpendicular to the real surface because in reciprocal space the real lattice spacing
is effectively zero in this direction [4]. Thus the electrons impinging the surface generate
a diffraction pattern which depends on the coherency and lattice spacing of the surface.
When the electron beam is reflected by the substrate, a strong interaction takes place with
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the periodic electric potential of the surface. This incident electron wave is scattered by
each atom in the periodic crystal which generates spherical scattering waves. The waves
generated interfere and cancel each other in almost all directions.
Constructive interference will occur only where the Ewald sphere intersects with the re-
ciprocal lattice rods. In practice the intersection occurs over an extended distance and a
streaked pattern is obtained because of the following reasons:
1. The Ewald sphere is of finite thickness, because the incident electrons are never
exactly monochromatic.
2. lattice vibrations and structural imperfections cause the reciprocal lattice rods to be
of finite thickness.
3. diameter of the Ewald sphere is considerably larger than the spacing of the lattice
rods.
RHEED is a very surface sensitive technique, which penetrates only the topmost layer of
the crystal surface. Both the incident and reflected electron beams travel almost parallel
to the sample surface. The very small glancing angle to the sample surface, ∼ 1o, causes
the component of the electron momentum normal to the surface to be small (Figure 2.3).
This limits the penetration depth of the primary electrons to the top few monolayers of the
surface under investigation. The crystal periodicity perpendicular to the surface is absent
and we are dealing with a 2D layer, rather than a 3D volume. The resulting RHEED pat-
tern gives detailed information about the surface morphology of the surface layer during
growth. As the layer grows layer by layer, RHEED intensity oscillations can be monitored
to give detailed information on the surface migration kinetics [5].
Typical RHEED patterns observed during the growth of II-VI semiconductors are given
schematically in Figure 2.4. The diffraction pattern of an amorphous surface is a series of
concentric semicircles. These amorphous rings are observed in two different situations.
First, they are produced during the coating of grown sample surfaces with amorphous
selenium. The RHEED pattern transitions to and from the amorphous rings are vital for
ensuring the deposition/evaporation of the selenium from the surface. Second, this pattern
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Figure 2.4: Schematic of RHEED patterns for various surfaces; (a) amorphous surface (b) flat
surface, (c) stepped surface and (d) rough surface with 3D features.
is also observed during the heat clean procedure prior to the desorption of the oxide layer
from the surface. During thermal desorption of the oxide layer, the RHEED patterns
change from an initial diffuse glow to a sharply reconstructed surface pattern consisting
of narrow streaks.
Once the oxide layer is removed a perfectly flat substrate surface is indicated by a circu-
lar pattern of diffracted spots which shows high contrast and low background intensity,
indicating an ideal diffraction situation, referred to as a Laue circle. During growth, these
spots typically become elongated, forming streaks. This elongation may be due to the
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surface irregularities arising from a number of factors including, surface defects such as a
stepped surface and the energy and angular spread of the incident electron beam.
The occurrence of significant surface roughening causes the incident electron beam to
be diffracted into a series of discrete spots rather than the streaks obtained from a flat
surface. However a streaked pattern can still be obtained if the epilayer surface undulates
over distances appreciably greater than the electron beam coherence length [6] which is
∼ 150nm.
2.6.2 Surface Reconstruction
Surface reconstruction is a reordering of the outermost atomic layer(s) of a crystal to
reduce the energy of the free surface [7]. Surface reconstruction of the semiconductor
surfaces is one reason for, RHEED being such a useful tool for MBE in situ characterisa-
tion. This surface reconstruction is dependent on factors such as flux ratios, growth rate,
temperature and surface species termination. Therefore, unique surface reconstruction
patterns for different conditions are obtained and can be used as a system-independent
monitor of the growth conditions [8]. Hence, RHEED is routinely used for the monitor-
ing of many of the most important aspects of MBE growth such as:
1. thermal cleaning of the substrate prior to the growth.
2. selection of the correct flux ratios.
3. structural purity of the growing layer.
4. growth rate measurement.
5. deposition/evaporation of amorphous Se or As for sample preservation.
While initiating a II-VI semiconductor growth on a III-V substrate, a reconstruction of
the surface is required to minimise the surface energy and maintain an average charge
neutrality. [9]. As a result, termination of the lattice may lead to the modification of
periodicity and loss of symmetry on the surface when compared to the bulk. Even though
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the lateral periodicity may not necessarily be the same as the bulk, it is in close contact
with it and therefore there is typically a multiple or submultiple of it.
The structure and composition of the ZnSe (100) surface has been studied during Atomic
Layer epitaxy (ALE) growth using RHEED [10]. Two different surface reconstructions
are observed: the Se terminated (2×1) dimer reconstruction when the Se beam is applied
and the Zn terminated c(2×2) when the Zn beam is applied. This second pattern is a Se
vacancy structure.
The ALE growth results in a growth rate of 0.5 ML per ALE cycle, which is expected
from the alternate formation of the (2×1) Se dimer and c(2×2) Se vacant dimer.
2.7 Heteroepitaxial Growth
The process of the deposition of a single crystalline semiconductor layers on a single
crystalline semiconductor substrate is epitaxy. To occur, there must be one or more pre-
ferred orientations of the epitaxial layer with respect to the substrate for this to be termed
epitaxial growth.
In heteroepitaxy, an epitaxial layer grows on a crystalline substrate or film of a different
material. Lattice mismatch has a noticeable effect on film morphology. The strain res-
ulting from lattice mismatch contributes to the interface energy, a crucial parameter in
determining the growth mode. However, the surface free energies for the substrate and
epilayer materials also influence the mode of growth. Essentially it is a result of the com-
petition between the kinetic energy of adatoms and the free energies of the bulk surfaces
and interfaces.
Heteroepitaxy is regularly used to grow semiconductor epilayers of materials for which
crystals cannot otherwise be obtained and to fabricate integrated crystalline layers of dif-
ferent materials. The heteroepitaxial growths of thin films in general has been placed
in one of the three primary modes, depending on the resulting epilayer morphology, de-
scribed below (Schematically shown in Figure 2.5).
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Figure 2.5: Cross-section views of the three MBE thin film growth modes; (a) Frank-van der
Merwe (FM: layer-by-layer), (b) Volmer-Weber (VW: island formation), and (c)
Stranski-Krastanov (SK: layer-plus-island). Each mode is shown for several differ-
ent amounts of surface coverage, Θ.
2.7.1 Frank-van der Merwe (FM)
This is a layer by layer growth mode, mostly found in lattice matched combinations of
material systems. The interatomic interactions between substrate and epilayer materials
are stronger and more attractive than those in between the different atomic species within
the epilayer material in FM growth mode. Here, adatoms attach preferentially to surface
sites resulting in atomically smooth, fully formed layers. This layer-by-layer growth is
two dimensional; indicating that complete films form prior to growth of subsequent layers
[11, 12].
Bauer and Frank-van der Merwe expressed the energetics of film growth in a very simple
form under the assumption of equilibrium between the layer components in the gas phase
and those in the layer surface [13]. In this formalism, layer-by-layer growth of epilayer
on substrate requires,
∆γ = γepi+ γint− γsub ≤ 0 (2.4)
Where, γepi and γsub are the surface free energies of the epilayer and substrate, respect-
ively, and γint , the interfacial free energy. The free energy of interface depends on the
strain and the strength of chemical interactions between the epilayer and substrate at the
interface. Therefore FM growth mode takes place when the sum of the epilayer surface
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energy and the interface energy is lower than the energy of the substrate, resulting in the
deposited layer wetting the substrate:
γepi+ γint < γsub (2.5)
Alternatively, it becomes easier for layer-by-layer growth to occur as the surface energy
of the substrate increases. Thus, FM growth is expected if Equation 2.4 is obeyed.
2.7.2 Volmer-Weber (VW)
In Volmer-Weber growth, adatom-adatom interactions are stronger than those of the ad-
atom with the surface, leading to the formation of three-dimensional adatom clusters or
islands [12]. Growth of these clusters, along with coarsening, will cause rough multi-
layer films to grow on the substrate surface. This growth mode is characteristic of highly
mismatched combinations of semiconductors.
When γepi is sufficiently in excess of γsub, Equation 2.4 will never be fulfilled even for a
strong attractive interaction between the epilayer and substrate and little strain (γint < 0).
In this case, three dimensional islands nucleate from the onset resulting in VW growth.
In other words, VW growth takes place when the sum of the epilayer surface energy and
the interface energy is greater than the surface energy of the substrate:
γepi+ γint > γsub (2.6)
2.7.3 Stranski-Krastanow (SK)
Stranski-Krastanov growth is a transitional process categorized by both 2D layer and 3D
island growth. Also known as ‘layer-plus-island growth’, the SK mode follows a two-step
process: initially, complete films of adsorbates, up to several monolayers thick, grow in a
layer-by-layer fashion on a substrate. Transition from the layer-by-layer to island-based
growth occurs at a critical layer thickness which is highly dependent on the chemical and
physical properties, such as surface energies and lattice parameters, of the substrate and
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epilayer [11, 12, 14].
The strain energy, which is a term in γint , increases linearly with the number of strained
layers. At a critical thickness, γepi + γint exceeds γsub and the growth mode transforms
from FM to SK resulting in 3D islands on the 2D wetting layer.
This is a very important mode of heteroepitaxial growth and is discussed in detail in
section 3.4.
2.8 Growth techniques
The epitaxial layers in each sample grown at Heriot-Watt are typically fabricated using
one of the three MBE growth variants namely, normal MBE growth, atomic layer epitaxy
and migration enhanced epitaxy.
1. MBE: This is the standard growth technique used for the growth of majority of the
samples. Here, shutters for all the cells necessary for a particular epitaxial layer are
open simultaneously and the thickness of the layer increases linearly with time.
2. Atomic Layer Epitaxy (ALE): This is a modified version of the normal MBE growth
mode, where instead of opening the all the shutters together, they are instead opened
one at a time so that half a monolayer of each material (metal or non-metal) are
sequentially deposited. This growth works best for binary compounds, whereas it
would be necessary to open either all the metallic or non-metallic shutters together
for ternary and quaternary alloys.
3. Migration Enhanced Epitaxy (MEE): This is a further modified version of ALE,
where a growth delay is introduced between closing one shutter and opening an-
other shutter to enhance the deposited material to migrate around the surface so as
to produce a smoother layer surface.
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Both ALE and MEE are primarily used during deposition of the quantum dot materials
as these techniques enable precise control of thickness. Furthermore sometimes these
techniques are also used to provide a smoother finish to the MBE as-grown epitaxial layer
surfaces before depositing another layer.
2.9 Zinc Blende (ZB) crystal structure
ZnSe based semiconductor alloys, in common with many II-VI and III-V compounds have
the zinc blende (ZB) structure. While the stable crystal structure of MgS is rock salt (RS),
the focus of the work in this thesis was on the ZB structure of MgS. Similarly CdSe can
exist in hexagonal wurtzite form, but only the ZB structure is produced in this thesis.
In the case of ZnSe, the ZB structure can be demonstrated in two ways. First, it can be
seen as two interlaced face centred cubic (FCC) lattices, one of zinc atoms and one of
selenium atoms. If a zinc atom is placed at the origin of a 3D Cartesian graph, then the
corresponding origin of the selenium lattice would be at (1/4,1/4,1/4), as shown in Figure
2.6.
In terms of bonding, each atom is bonded to four of the other type arranged tetrahedrally.
The bonding between the Zn and Se atoms and some of the important planes are shown
in Figure 2.7 [15].
It can be seen from this figure that if the zinc blende structure is cut along the (111) plane,
then one side will terminate in A-atoms triple bonded to the crystal (known as the (111)A
surface) and the other side will terminate in B-atoms triple bonded to the surface (known
as (111)B surface). A-atoms are defined as the lower valence element (zinc) and B-atoms
as the higher valance element (selenium) [16]. All of the samples mentioned in this thesis
were grown on a (100) plane.
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Figure 2.6: Schematic of zincblende structure for ZnSe displayed as two interlaced face-centred-
cubic lattices.
Figure 2.7: Schematic of zincblende structure for ZnSe showing the bonding between the atoms.
Each single line is a bond on the surface of the page (001¯). Each double line rep-
resents two bonds, one going diagonally up and one going diagonally down to two
different atoms, either of which could be represented by the atom on the figure. The
traces of three common planes are marked.
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2.10 Characterisation techniques
Characterisation techniques are used in order to gain knowledge on the structural, op-
tical, and electrical properties of semiconductor materials. Two types of contactless, non-
invasive procedures are used here extensively. X-ray techniques can reveal information
about the composition, thickness and quality of the materials examined. Optical spectro-
scopy techniques are sensitive enough to reveal some details of the electronic structure
of low dimensional semiconductor materials. These characterisation techniques are in-
strumental in understanding the most important properties of various semiconductors as
building blocks of many useful electronic and optoelectronic devices and also an invalu-
able aid to improving the structural quality of materials and devices.
2.11 X-ray Diffraction
The completely non-destructive X-ray diffraction (XRD) method has long provided a re-
liable means to evaluate crystalline materials parameters where modest material volumes
are available, but the increasing reduction in size of devices and the increasing importance
of thin film structures has brought the need for microstructural characterization methods
with high strain sensitivity. Double Crystal X-Ray Diffraction (DCXRD), utilizes the
inherent narrowness of X-ray rocking curves (∼ 1 arc sec) to offer strain sensitivities
of 10−4 to 10−8. DCXRD methods rely on the sharpness of the rocking curve and the
precision with which its width, shape and position can be deduced independently of in-
strumental broadening. This method is particularly applicable to the characterization of
multiple epitaxial layers fabricated by MBE growth.
X-ray diffraction employs electromagnetic waves with a wavelength of the order of one
angstrom. Diffraction of x-rays occurs when a plane wave front of x-ray photons collides
with matter. Electrons in the material interact with the x-rays, re-emitting an electromag-
netic photon which travels outwards with a spherical wave front. This process normally
takes place without any energy losses and is known as coherent scattering. Since, wave
diffraction occurs when the dimensions of the diffracting object are of the same order
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of magnitude as the wavelength of the incident wave, x-rays are ideally suited to probe
crystal lattice structures [17].
X-ray measurements on semiconductor materials can obtain information such as:
1. Lattice constants: Lattice mismatch between the epilayer and the substrate perpen-
dicular to the growth plane can be determined from the separation of the peaks.
Lattice mismatch is also indicative of stress and strain.
2. Dislocation density: The Full Width at Half Maximum (FWHM) of the x-ray rock-
ing curve, is inversely related to the number of dislocations in the epilayer.
3. Layer thickness: Obtained from the ratio of layer peak area to substrate peak area,
or layer peak fine structure (Pendello¨sung fringes).
4. Thickness and quality of super lattices: The thickness is determined from the an-
gular distance between the satellite peaks appearing on the sides of the main peak,
while the intensity and number of satellite peaks is a measure of the film quality.
5. Variation of composition with thickness: From changes in rocking curve shape.
6. Strain components perpendicular and parallel to the interface: using reflecting planes
either parallel or at some angle to the interface plane.
2.11.1 Rocking curves
A Rocking curve is a plot of diffracted intensity versus angular position, θ of the sample
[18] (see Figure 2.8). By rotating the sample through small angles about both the vertical
rotation axis and the tilt axis of the sample stage, rocking curves can be obtained. The
x-ray data used in this thesis were collected by using the θ −2θ scan, where the sample
and detector are scanned through angles with a 1:2 ratio, while the detector aperture is
restricted with a slit in order to reduce the scattered and background radiation. (Figure
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Figure 2.8: Typical 004 X-ray simulated rocking curve for a 100 nm fully strained ZnSe epilayer
on GaAs substrate showing the main features.
2.9)
The Bragg angle, θepi of the epilayer can be found from:
θepi = θsub+∆θepi (2.7)
Where ∆θepi is the angular splitting given by the separation of the layer peak from the
substrate and θsub is the Bragg angle for the lattice spacing of the substrate.
The analysis of the rocking curves can be simplified by using simulation software such as
Jordan Valley RADS (Rocking Curve Analysis by Dynamical Simulation). This software
package uses the Takagi-Taupin equations to simulate the diffraction of X-rays through
a crystal [19]. These simulations can then be compared to the experimental data using a
Goodness of Fit (GOF) merit figure and information about strain, thickness and composi-
tion can be calculated. The GOF is a chi squared statistic which ranges from 0 to 1 where
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Figure 2.9: Schematic of (a) θ −2θ scan and (b) Degrees of freedom of sample stage.
0 represents a perfect match (Equation 2.8).
χ2 =
k
∑
i=j
[log(yrefi )− log(ycompi )]2 (2.8)
where, yre fi is the ordinate of the reference data and y
comp
i is the ordinate of the compar-
ison, and j and k are the indices of the first and last points defining the overlapping of the
two data sets. If the two data sets become more alike, the GOF value reduces.
2.11.2 Bragg’s Law
Bragg’s law gives the angles for coherent and incoherent scattering from a crystal lat-
tice and forms the foundation of X-ray diffraction [20]. When a crystal plane is bom-
barded with X-rays of a fixed wavelength and at a glancing angle θ , intense reflected
X-rays are produced when the wavelengths of the scattered X-rays interfere construct-
ively. Constructive interference will occur when the travel path length difference between
the rays diffracting from consecutive parallel planes is equal to integer multiples of the
wavelength. When this constructive interference occurs, a diffracted beam of X-rays will
leave the crystal plane at an angle equal to that of the incident beam, θ .
The general relationship between the wavelength of the incident X-rays, angle of incid-
ence and spacing between the crystal lattice planes of atoms is known as Bragg’s Law,
expressed as:
λ = 2dhklsinθ (2.9)
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Figure 2.10: Schematic of (a) symmetric (e.g. 004) and (b) asymmetric (e.g. 115) planes
Where, λ is the wavelength of the incident X-ray photons, d is the inter-planar spacing of
the crystal plane and θ is the angle of incidence.
2.11.3 Reflections
Reflections from the samples fall into two categories, symmetric and asymmetric. The
set of planes undergoing diffraction are parallel to the surface in symmetric reflection.
Whereas in asymmetric reflection, there is a non-zero angle between the planes and the
surface (see Figure 2.10). There are two possible angle of entry for asymmetric reflections
as an X-ray can travel the reverse path just as easily. Entry angles less than the Bragg angle
for the reflection are known as glancing incidence reflections, ω−, while exit angles less
than the Bragg angle are known as glancing exit reflections, ω+, given by:
ω− = θ −φ (2.10)
ω+ = θ +φ (2.11)
The interplanar angle, φ between two planes, the diffracting plane (hkl) and the sample
surface (h′k′l′) in a cubic crystal can be derived using Equation 2.12 [21]:
cosφ =
hh′+ kk′+ ll′√
h2+ k2+ l2
√
h′2+ k′2+ l′2
(2.12)
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For a (001) surface, Equation 2.12 reduces to:
cosφ =
l√
h2+ k2+ l2
(2.13)
In a symmetric scan, strain and compositional changes produce similar peak shifts in rock-
ing curves and hence cannot distinguish between strain and compositional changes. Thus,
in order to quantify both strain and composition, a symmetric scan must be combined with
an asymmetric scan.
2.12 Atomic Force microscopy (AFM)
Atomic force microscopy (AFM) is a high-resolution type of scanning probe microscopy,
which can be used to measure the three-dimensional topography of a sample surface with
demonstrated subnanometer resolution, more than 1000 times better than the optical dif-
fraction limit. The size of the features imaged with the AFM is typically less than the
visible wavelength of electromagnetic spectrum and hence the information obtained from
the sample surface is processed electronically.
The AFM consists of a cantilever with a sharp tip which is used to scan the sample surface.
The cantilever is typically made of silicon with a tip radius of curvature on the order of
nanometres. When the tip is brought into proximity of the sample surface, forces between
the tip and the sample surface lead to a deflection of the cantilever according to Hooke’s
law. Depending on the tip and sample used, forces that are measured in AFM include
mechanical contact force, van der Waals forces, capillary forces, chemical bonding, elec-
trostatic forces, magnetic forces (if using magnetic tips), Casimir forces, solvation forces,
etc. This deflection in motion is monitored with a split photodiode detector using a laser
spot reflected from the top surface of the cantilever. Scanning the tip at a constant height
risks the possibility of the tip colliding with the surface, causing damage. Therefore, a
feedback mechanism which works using the signal obtained by the photodetector is em-
ployed to adjust the tip to sample distance to maintain a constant force between the tip
and the sample.
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Figure 2.11: Graph of AFM tip-to-sample separation versus van der Waals forces
Various modes of operation can be adopted and although the feedback mechanism per-
forms in effect the same function, the signal processing will change depending on the
mode used. Contact mode and tapping mode were used for characterising samples grown
for the works described in this thesis.
2.12.1 Contact mode
In contact mode AFM, the tip scans the sample in close contact with the surface. The force
on the tip is repulsive with a mean value of ∼ 10−9 N. This force is set by pushing the
cantilever against the sample surface with a piezoelectric positioning element. Here the
deflection of the cantilever and the laser beam is sensed and compared in a DC feedback
amplifier to some desired value of deflection. If the measured deflection varies from the
desired value, the feedback amplifier applies a voltage to a piezo crystal on which the
cantilever is mounted, to raise or lower the cantilever height relative to the sample surface
to restore the desired value of deflection. The voltage that the feedback amplifier applies
to the piezo in order to achieve this is a measure of the height of features on the sample
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surface. This information is displayed as a function of the lateral position of the sample
by the computer to form a topographic image of the sample surface.
2.12.2 Tapping Mode
Tapping mode is a rather new advance in AFM technology which allows high resolution
topographic imaging of sample surfaces that may be easily damaged, loosely held to
their substrate, or difficult to image by other AFM techniques. Tapping mode helps to
overcome the problems, associated with friction, adhesion, electrostatic forces, and other
difficulties typical to conventional AFM scanning methods by alternately placing the tip
in contact with the surface to provide high resolution and then lifting the tip off the surface
to prevent dragging the tip across the surface.
Tapping mode imaging is executed by oscillating the cantilever assembly at or near the
cantilever’s resonant frequency by means of the piezoelectric crystal. The piezo motion
results in the cantilever to oscillate with high amplitude ranging typically from 20 to 200
nm, when the tip is not in contact with the surface. The oscillating tip is then moved
toward the surface until it begins to lightly touch surface. While scanning, the vertically
oscillating tip intermittently contacts the surface and lifts off at a frequency of ∼ 50 to
500 kHz per second. As the cantilever begins to intermittently contact the surface, the
oscillation is necessarily reduced due to energy loss caused by the tip contacting the sur-
face and this reduction in oscillation amplitude is used to measure the surface features. A
schematic of the van der Waals forces acting on the tip with respect to the tip-to-sample
separation is given in Figure 2.11. In tapping mode operation, the cantilever oscillation
amplitude is maintained constant by a feedback loop.
Majority of the AFM images used for this thesis were produced using tapping mode of
AFM.
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2.13 Photoluminescence Spectroscopy
Photoluminescence spectroscopy (PL) is a characterisation method provides sensitive
analysis of material quality. It is a non-contact, non-destructive technique used for prob-
ing the electronic structure of semiconductors. Any impurities or defects which provide
optical traps produce transitions at specific energies which will show up on the spectra.
Photoluminescence occurs when a semiconductor is subjected to above band gap radi-
ation. Light with photon energy greater than that of the band gap of the sample is directed
onto the surface. Photo-excitation causes the light to be absorbed resulting in electrons
being excited from the valence band to the higher energy states in conduction band [22].
Simultaneously holes with a positive charge are created in the valance band. The electron-
hole pairs may be bound by coulombic attraction, forming excitons. This coulombic in-
teraction is responsible for the exciton binding energy and for a given state n given by:
Enx =−13.6
µ
ε2r
1
n2
eV (2.14)
where, ε2r is the bulk dielectric constant and µ is the equivalent mass. In II-VI materials,
exciton binding energies are ∼25 meV (up to 40 meV, if confined) so dominate at low
temperatures.
The excited electrons will dissipate energy in a process known as thermalisation before
dropping down to the lower energy states at the conduction band edge, due to the in-
teractions with crystal lattice [23]. These non radiative interactions take place within a
few picoseconds. The process of photon excitation followed by photon emission is called
photoluminescence. The radiative recombination process or photoluminescence involves
the emission of photons, which takes place within a few nano seconds of excitation. The
intensity and energy of the emitted photon gives an indication of the crystalline quality of
the material. Direct band to band transitions will dominate in high quality material and
the energy of the emitted photon is given by:
hv = Eg−Ex (2.15)
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Where Ex is the binding energy of the exciton. Radiative transitions may also involve
localised defect and impurity levels resulting in photon emission with a reduced energy.
Emission associated with these energy levels can be used to identify specific defects in a
material [24, 25].
The intensity and spectral content of the emitted photoluminescence is a direct measure
of important material properties, including:
• Bandgap Determination : The spectral distribution of photoluminescence from a
semiconductor material can be examined to non-destructively calculate the elec-
tronic band gap. This provides a means to quantify the elemental composition of a
compound semiconductor.
• Impurity Levels and Defect Detection : The photoluminescence spectrum at low
temperatures often reveals spectral peaks associated with impurities contained within
the material. The high sensitivity of this method delivers the potential to recognise
extremely low concentrations of intentional and unintentional impurities that can
strongly affect material quality and device performance.
• Recombination Mechanisms : The quantity of photoluminescence emitted from a
semiconductor material is directly related to the relative amount of radiative and
non-radiative recombination rates. The latter is typically associated with impurities
and thus, this technique can qualitatively monitor changes in material quality as a
function of growth and processing conditions.
• Surface structure and excited states : The widely used characterisation techniques
such as XRD, infra-red and Raman spectroscopy, are very often not sensitive enough
for supported oxide catalysts with low metal oxide concentrations. However, pho-
toluminescence is very sensitive to surface effects or adsorbed species of semicon-
ductor particles and thus can be used as a probe of electron-hole surface processes.
Strong photoluminescence signals will be observed only in relatively thick bulk material
(∼ 1µm) but when the excitons are confined in low dimensional structures, the process
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Figure 2.12: Schematic of the optical setup used for photoluminescence measurements.
becomes much more efficient. In order to observe emission from these structures, ex-
citons excited in the barrier region travel by drift or diffusion before being captured by
the quantum well. Since the band gap of a two-dimensional quantum well is smaller than
that of the surrounding material, excitons encountering the well will dissipate energy by
thermalisation in order to drop to the energy of the smaller band gap. These excitons are
now trapped by the surrounding potential barriers and results in a higher exciton binding
energy due to the additional quantum confinement. An increase in the recombination rate
will occur due to the increased localisation and an enhancement in the PL emission intens-
ity will be observed. Variations in the width of the band gap material and fluctuations in
the interface composition will cause energy shifts in the PL spectrum and also broadening
of the PL peaks.
Very low concentrations of optical centres can be probed using photoluminescence, but it
is not generally a quantitative method. The main limitation of photoluminescence is that
many optical centres may have multiple excited states, which are not populated at low
temperature.
2.13.1 PL experimental setup
A schematic of the experimental setup used at Heriot-Watt to obtain the data presented in
this thesis is shown in figure 2.12. Initially a 351nm (3.53eV) line of an argon ion laser
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(Ar+) is used as the excitation source. The samples were placed in a liquid nitrogen (LN2)
cryostat at a temperature of 77 K to prevent thermal dissociation and broadening of the
excitonic transitions. The laser source is coupled into the LN2 cryostat using a 0.36 NA
lens, producing a pump spot∼975nm in diameter and imaging an area 1-2µm in diameter.
Luminescence from the samples was dispersed in a 0.75m double monochromator and
recorded with a cooled GaAs photomultiplier tube and a lock in amplifier.
Later into this project, the monochromator and photomultiplier tube were replaced with a
100mm focal length fibre coupled monochromator and CCD detector as older equipment
became unserviceable. Subsequently the Ar+ source was replaced with a 405nm GaN
diode laser. This new arrangement has a much lower resolution of ∼1.5meV and lower
signal-to-noise ratio, but is capable of measuring continuous readings across the entire
wavelength range typically measured, 405-800nm.
2.14 Spectroscopic Ellipsometry
Spectroscopic ellipsometry is a non destructive optical characterisation technique for the
examination of the dielectric properties of thin films. It measures both the intensity and
polarisation of light incident on a thin film. After analysing the change of polarisation
of light, which is reflected off a sample, ellipsometry can produce information about
layers that are thinner than the wavelength of the probing light itself, even down to a
single atomic layer. Ellipsometry is sensitive to a wide range of material properties and
can probe the complex refractive index or dielectric function tensor. It gives information
about a range of sample properties including crystal quality, thickness, chemical compos-
ition, surface and interface roughness and electrical conductivity. It is frequently used to
characterise film thickness for single layers or complex multilayer stacks ranging from a
few angstroms to several micrometers thick with an excellent accuracy.
Figure 2.13 shows the schematic representation of an ellipsometer. Light emitted from a
source is passed through, and linearly polarised by a half wave plate polariser. The light
is then focussed on a sample at a variable angle of incidence, normally around 70o. The
incident light is reflected and passes through a half wave plate analyser into the detector.
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Figure 2.13: Schematic of a rotating analyser ellipsometer.
Ellipsometry is a specular optical technique where the angle of incidence equals the angle
of reflection. The incident and the reflected light beam span the plane of incidence. Light
which is polarised parallel to this plane is called p polarisation whereas the light polarised
in the perpendicular direction is called s polarisation.
Ellipsometry measures the complex reflectance ratio, ρ , of a system, which may be para-
meterised by the amplitude component, Ψ and the phase difference, ∆. The amplitudes of
the s and p polarisations, after reflection and normalised to their initial value, are denoted
by rs and rp. The complex reflectance ratio, ρ , which is the ratio of rp over rs can be
calculated from Equation 2.16.
ρ =
rp
rs
= tan(Ψ)ei∆ (2.16)
For bulk materials, ρ is simply the product of the materials refractive indices and therefore
it is possible to calculate the refractive index using Equation 2.17.
N˜ = sin2(φ)
[
1+ tan2(φ)
(
1−ρ
1+ρ
)2]
(2.17)
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where, N˜ = n+ ik and φ is the angle of incidence. However, it is only for samples that are
isotropic, homogeneous and infinitely thick that, n and k can be determined directly from
ρ . Equation 2.17 assumes there are no surface layers of any type. However, in any bulk
material, there is typically a surface oxide or some roughness, and the direct inversion of
Equation 2.17 would include these as part of the bulk optical constants.
The modelling and analysis of the spectroscopic ellipsometry data was undertaken using
a number of computer modelling packages; J. A. Woollams CompleteEASE and WVASE
as well as the open source RegressPRO. All of these programs operate in a similar way,
where the user first uploads an experimental ellipsometric spectrum and then creates a
layer by layer model of the sample. The software then calculates the Ψ and ∆ for each
wavelength and angle of incidence (φ ) from the spectrum.
The calculated values can then be compared to the measured values and an error value
calculated. The software use the mean squared error, χ2, as a figure of merit calculated
using Equation 2.18.
χ2 =
1
N.M−m−1
M
∑
j=1
N
∑
i=1
[ρ j.exp(λi)−ρ j.calc(λi)]2
ρ j(λi)2
(2.18)
where ρ j.exp,ρ j.calc and ρ j represent the experimental, calculated and error quantities
respectively at wavelength λi and data set j while N is the total number of data points, m
the number of fitted parameters and M is the number of data sets.
Multilayer samples have a large number of independent parameters which means the
choice of initial model is very important as if it differs significantly from the actual struc-
ture, the optimisation process can find a local minimum instead of the true minimum.
Therefore it is necessary to examine the structure of such samples using other character-
isation methods such as X-ray or PL before it is modelled.
All of the transmission spectra used in this thesis were obtained using a J.A. Woollam
vertical-VASE (Variable Angle Spectroscopic Ellipsometer). A schematic of the working
of a basic ellipsometer is given in Figure 2.13.
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2.15 Summary
A detailed account on the working and structure of the MBE machine as well as the growth
mechanism is given in this chapter. Similarly an overview of the most important charac-
terization process used throughout this thesis is also presented, with emphasis on the
X-ray, RHEED and AFM methods as they are the prominent techniques used and provide
the most comprehensive data for growth development. It can be seen that individually
each technique has its merits but together they provide a more detailed description of the
materials. PL and ellipsometry measurements are used to obtain optical spectra . SIMS
(Loughborough surface analysis) and SEM (nano optics group, Heriot-Watt University)
techniques are also used occasionally.
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Chapter 3
Density control of CdSe quantum dots deposited on
MgS
3.1 Introduction
The growth of new types of Quantum Dots (QDs) for various applications is still an act-
ive field. The main driving force behind this research is the development of innovative
devices based on the unique electronic properties of QDs. Novel device applications are
possible in the fields such as optics, optoelectronics, quantum computing and quantum
cryptography. Research also allows an insight into the fundamental physics of confine-
ment in 0D QD structures.
In III-V compound semiconductor systems, devices with InAs/GaAs QD structures have
been successfully demonstrated [1]. Successful examples were also subsequently found
in II-VI compound semiconductor based QD structures, such as laser diodes and bright
light-emitting diodes. CdSe QDs grown on the ZnSe buffer layer constitute one of the
most well-studied systems among the II-VI compound semiconductors. The lattice con-
stant of ZnSe is almost matched to that of the GaAs substrate and the lattice constant
of CdSe has a mismatch of ∼ 7.2 % to that of ZnSe buffer layer. This lattice mismatch
is nearly identical to the InAs/GaAs system, which has a mismatch of 7.1 %. However,
the interdiffusion between ZnSe and CdSe layers is significant. Also wide bandgap II-VI
semiconductors are normally grown on commercially available III-V substrates, which
have far smaller bandgaps than the II-VI epitaxial layers. This is not ideal for many ap-
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plications where absorption by the substrate prohibits the transmission of light through
the epitaxial layers.
ZB MgS has a very large band gap of ∼5eV and hence shows excellent potential as a
barrier material for wide bandgap II-VI QDs. The lattice parameter of ZB MgS is similar
to that of ZnSe and GaAs and so the strain in MgS/CdSe is almost identical to that in
ZnSe/CdSe system and a similar transition from two dimensional to three dimensional
growth, resulting in self formation of QDs is expected with increasing CdSe deposition.
However, the MgS/CdSe interface is not a simple replica of ZnSe/CdSe because of the
much larger exciton confinement. On the basis of linear combination of atomic orbital the-
ory [2], the conduction and valence band offsets at the MgS/CdSe interface were evaluated
to be 2.16 and 0.87 eV, respectively, which are much larger than those in the ZnSe/CdSe
system (0.84 and 0.23 eV). The large band discontinuities and almost complete immis-
cibility of the MgS barrier with CdSe is very beneficial in enhancing the confinement.
Successful growth of MgS based CdSe quantum structures has already been demonstrated
by Heriot-Watt MBE group [3, 4] and the ability to grow good crystalline quality, thick
ZB MgS has enabled the group to investigate the low dimensional MgS based quantum
structures even further [5, 6].
The control of QD density is of particular interest. Some QD devices such as high effi-
cient QD lasers require a large number of QDs in the active region with a high density
(∼ 1011cm−2). On the other hand, for some QD based devices and applications such as
single photon emitters and micro cavity quantum electro-dynamics devices, low density
(∼ 108cm−2) QDs are required. The density range from 2 × 1010 to 1 × 1011cm−2 with
a size distribution of ∼ 10% is typical for Stranski-Krastanov (SK) mode QD ensembles.
SK growth outside this range is certainly difficult. Low density QDs are particularly dif-
ficult by the self-assembly process [7]. Currently, lower density II-VI QDs are fabricated
mainly using lithography techniques which has several disadvantages such as contamina-
tion, defect formation, etc.
This chapter details attempts to control the density of the MgS based CdSe QDs. Un-
capped QDs were examined using AFM for calculating the dot density and investigating
the island formation mechanism.
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Figure 3.1: Density of states functions for bulk material, quantum well, quantum wire and
quantum dot.
3.2 Quantum Dots
Quantum dots are coherent nanometre sized semiconductor structures whose carriers are
confined in all three spatial dimensions in a semiconductor matrix of larger band gap.
Simply, when a narrow band gap material is completely surrounded by a larger band
gap material, the electrons and holes are confined into discrete quantum states and their
movement is restricted in all three dimensions. Therefore, such materials have electronic
properties intermediate between those of bulk semiconductors and those of discrete mo-
lecules. As in atoms, the allowed energies in such a confined volume are quantised, form-
ing a discrete spectrum of energy levels. The quantisation of allowable electron energies
can however provide a variety of advantages for electronics, including increased radiative
efficiency, reduced power requirements and increased speed of operation.
The density of states of QDs compared to those of bulk materials, quantum wells and
quantum wires are given in Figure 3.1. Energy spectra of multi-electron QDs (a dot may
contain∼ 105 to 106 atoms) differ from that of the ordered shell structure of atoms, in that
they are generally more complex due to quantum chaos associated with irregular shape or
disorder and electron-electron interactions [8]. Unlike electrons in a single atom, carriers
52
3.3 Quantum Dot Fabrication Techniques
in QDs will interact strongly with lattice vibrations and may be strongly influenced by
defect, surface or interface states.
3.3 Quantum Dot Fabrication Techniques
Defining the smaller dimensions of nanostructures is one of the main stumbling blocks
for advancement in the field of nanostructure technology. By the end of the 1980s, tech-
niques like lithographic patterning [9] and etching of quantum well structures [10] were
developed for QD fabrication. Several new and advanced processing methods have been
developed in recent years, both prior to and after the growth that allowed the fabrication
of novel structures and devices.
3.3.1 Lithography
Patterning of quantum wells using lithography was considered to be the most straightfor-
ward way of QD fabrication in the 1990s. Followed by etching, lithographic patterning
is still one of the most widely used techniques for producing conventional integrated cir-
cuits. Lithography can be used successfully to fabricate QD structures, due to the high
level of control in this process. Unlike in epitaxy, in lithographically defined QDs a
quantum well provides a confining potential along the growth direction, while the lateral
confinement is provided by an electrostatically induced potential barrier.
The most commonly used lithographic techniques are photolithography [1], X-ray litho-
graphy [11], electron beam lithography (EBL) [12], and focused ion beam lithography
(FIBL) [13]. The first three techniques typically use a high energy source to selectively
expose and pattern a resist film. This pattern in the film is later transferred to the underly-
ing substrate by etching. The resolution of photolithography is limited by the wavelength
of the laser source used in the exposure and generally is in the range of ∼ 0.15 µm.
X-ray lithography has the advantage of a much better resolution, due to the shorter X-
ray wavelength, but an additional process is required to fabricate the mask for using this
method. For direct lateral patterning, the most advanced methods are EBL and FIBL.
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Resolution in the 10-20 nm range has already been established by the early 1980s [14].
However the spatial resolution of EBL and FBIL is limited by problems including char-
ging and proximity effects. Process induced defects and contamination that typically
deteriorate the structure quality of the QDs are inevitable in lithography techniques. The
technological requirements of constructing nano scale features that are defect free and
exhibit an abrupt carrier confining potential has evidently limited the success of using
lithography for QD fabrication.
3.3.2 Colloidal Synthesis
Colloidal II-VI semiconductor crystallites are synthesized from precursor compounds dis-
solved in solutions based on organometallic and polymer chemistry [15]. The synthesis
of colloidal QDs is based on a three component system composed of precursors, organic
surfactants, and solvents. When heating at a low precipitation temperature of ∼ 200oC,
the precursors chemically transform into monomers. Once the monomers reach a high
enough supersaturation level, the growth of crystals starts with a nucleation process. Isol-
ated clusters can be obtained under certain conditions with very low size distributions or
dispersed in a very thin film.
The temperature during the growth is critical in determining optimum conditions for the
crystal growth. It must be high enough to allow for rearrangement and annealing of
atoms during the synthesis process while being low enough to promote crystal growth.
Monomer concentration is another important factor which has to be strictly controlled, as
at high monomer concentrations, the critical size, i.e. the size where crystals neither grow
nor shrink, is relatively small, resulting in growth of nearly all particles. In this regime,
smaller particles grow faster than large ones, as larger crystals need more atoms to grow
than small crystals. The nanocrystal growth is optimal when the monomer concentration
is kept such that the average crystal size present is always slightly larger than the crit-
ical size. In order to prevent a rapid agglomeration of particles resulting from Ostwald
ripening, it is essential to use a stabilising agent.
Typical dots like Cadmium Selenide (CdSe) are fabricated using binary compounds, here
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CdSe. The size of these crystallites is controlled by various factors including temperature,
mixing rate of reagents and the concentration of stabilizer. Generally these quantum dots
can contain as few as ∼ 100 to 100,000 atoms within the volume of the dot, with a
diameter of ∼ 10 to 50 atoms. This corresponds to ∼ 2 to 10 nanometers in diameter.
Large quantities of QDs can be synthesised using colloidal synthesis. Low defect concen-
tration is another advantage of this method.
3.3.3 Epitaxy: Self-Assembling
The self-assembling method has the greatest potential for fabrication of semiconductor
nanostructures. Self-assembly occurs for strained heteroepitaxial growth where the lattice
mismatch between the buffer layer and the overlayer is several per cent. Initially the
growth mode is two dimensional, but due to the large strain energy stored within the
layer, it is a metastable growth mode. When the overlayer reaches a critical thickness,
strain relief is achieved by the formation of islands. It is possible to fabricate arrays
and stacks of small quantum dots of ∼ <10 nm in diameter, ordered in size and shape
with high area density and high optical quality, using self-assembly with suitable growth
conditions in MBE.
3.4 Stranski-Krastanov (SK) Growth
Stranski-Krastanov (SK) growth is one of the three primary modes by which thin films
grow epitaxially at a crystal surface or interface. Also known as ‘layer-plus-island growth’,
the SK mode is initially a 2D layer by layer growth, but beyond a critical layer thickness,
which depends on strain and the chemical potential of the deposited film, growth contin-
ues through the nucleation and coalescence of 3D islands [16–18]. Figure 3.2 shows a
schematic of the SK growth.
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Figure 3.2: Schematic of Stranski-Krastanow growth mode.
3.4.1 Energetics
For dot formation, dot material layer (e.g. here CdSe) must have a lower band gap en-
ergy and a larger lattice parameter than the buffer layer material (e.g. MgS) on which
the growth is initiated. The mismatch in lattice parameter generates a strain energy in the
epitaxial layer. The energy of the system decreases until the substrate surface is covered
with a monolayer of deposited material. A uniform strain layer is formed as the depos-
ition continues and the elastic strain energy, Estrain will increase linearly with the layer
thickness, t [19].
Estrain = λε2At (3.1)
Where, λ is the elastic modulus, ε = ∆aa is the misfit, a is the lattice constant, A is the
surface area and t is the thickness. Deposition then continues by either of the following
processes.
• FM growth is maintained until the activation energy for the creation of dislocations
reaches the critical thickness, tcd .
• The strain energy in SK growth can be lowered by the nucleation of 3D islands at a
lower critical thickness, tcw (critical thickness of the wetting layer)
The metastable, supercritical, 2D wetting layer in SK growth mode undergoes a phase
transition resulting in the more stable SK island plus thin 2D wetting layer configuration.
No further material deposition is needed at this stage as the dots are formed by collecting
material from the wetting layer.
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Figure 3.3: Schematic of Energy vs. time for the transformation from 2D to 3D morphology.
The self-assembly process can be qualitatively described based on the following condi-
tions [19].
1. Perfect wetting of the surface.
2. The driving force for island nucleation is the increase in the elastic misfit strain,
with increasing wetting layer thickness.
3. Once island formation starts, there is inhomogeneous elastic strain within each is-
land as well as induced strain in the substrate.
The QD formation process is shown in Figure 3.3 and can be divided into the following
three main steps (A, B and C in figure). tcw is the critical thickness of wetting layer,
where 2D growth starts to become 3D growth and tsk is the thickness where the excess
strain energy induces dot formation.
1. The 2D growth phase. (A)
2. The 2D to 3D transition phase.(B)
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Figure 3.4: Schematic of Surface cross section of a quantum dot showing strain distribution
around the nucleation.
3. The ripening of dots phase.(C)
3.4.2 Dot formation
Thickness fluctuations in the wetting layer lead to the formation of critical nuclei and the
rate of nucleation is given by,
dN
dt
= const.σe[−
(EA−EE )
kBT
] (3.2)
Where, dNdt is the number of critical nuclei created per unit time and σ is the supersat-
uration (the concentration of the mobile excess material on the surface) and EA is the
activation energy barrier for 2D to 3D transition. After the onset of nucleation the nucle-
ation rate will decrease rapidly as the excess energy, EE is reduced due to strain relaxation
and the excess material is consumed by the islands, decreasing σ .
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SK growth is a self-limiting process, resulting in dots which exhibit a fairly uniform size
and shape distribution. Different theories were proposed to explain this growth mode,
but there is still uncertainty about the interplay between thermodynamic factors such as
adsorption, heat of formation, etc. and kinetic factors such as islanding, nucleation, etc.
involved in this process [20]. However it is known that QD formation alters the strain
distribution in the wetting layer. The strain before and after the nucleation of the dot is
shown in Figure 3.4. It can be seen that the strain relaxation in the island causes an energy
minimum on the surface. The strain is at maximum around the edge of the island, due to
the higher compressive strain in this area. This higher strain tends to act as a barrier for
surface diffusion towards the island and material is forced away from this region resulting
in a dot surrounded by a thinner wetting layer.
3.5 Limitations of Stranski-Krastanov growth
SK growth method is still not considered as a practical QD fabrication technique for cer-
tain device applications because of the inability to control the distribution and fluctuation
in size of the dots. In order to incorporate this technique into devices operating at room
temperature, the following issues have to be addressed.
3.5.1 Control of size
The size of a QD is very important as the required properties will be obtained only if the
size of the QD is within a specific range [1]. The lower size limit of a QD is determined by
the condition that one energy level of an electron, hole or both is present. The maximum
dot size must limit the thermal population of higher lying energy levels to 5% [1]. The
energy level spacing may become too small for large dots, leading to thermal smearing and
evaporation of carriers from the dots and thus destroying the required quantum properties.
The dot material determines the upper size limit and for CdSe based II-VI structures, this
limit should be 5-6 nm. Size uniformity is essential in order to reduce the variation in the
energy positions of the electronic levels, which results in the inhomogeneous broadening.
It has been shown earlier that the dot diameter is exponentially dependent on temperature
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and only weakly dependent on monolayer coverage [21].
3.5.2 Coherence
QDs are formed by strain relaxation during SK growth. This method has in the past
been associated with the formation of defects, however dislocation free QD growth has
been reported [22]. The elastic relaxation during QD formation depends strongly on the
dot dimensions [19] and for a given shape is proportional to volume. Unfortunately this
relaxation process is a mechanism which competes with the formation of dislocations,
which are known to occur when the amount of deposited material exceeds the critical
thickness, hcrit . These defects provide sites for non-radiative recombination, leading to
degradation of the material quality.
3.5.3 Control of QD density
The density and size of QDs forming on a material surface is a function of various factors,
including flux ratio, substrate temperature, layer thickness and growth rate. For III-V
systems, it has been shown that QD density decreases as the growth rate and V/III ratio
increases [21]. Control of density may therefore be achieved by careful manipulation of
these variables.
However as detailed in the introduction section, it has been found to be particularly diffi-
cult to control the density of the II-VI quantum dots using the above mentioned variables
[7]. In this chapter, the use of a new set of variables to successfully control the density of
QDs grown using SK method is demonstrated.
3.6 Growth of self assembling II-VI quantum dots
The formation of defect free QDs in strained heterostructures by SK growth method has
been reported for a number of II-VI material systems which include CdSe/ZnSe [23–26],
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CdSe/CdS [27], CdTe/ZnSe [28] and ZnSe/ZnS [29, 30]. Out of these material com-
binations, CdSe on (001) ZnSe is the most extensively investigated and is similar to the
InAs/GaAs material system in terms of a lattice mismatch of ∼7 % and band gap differ-
ence of∼1 eV. The MBE growth of CdSe dots in a ZnSe matrix was first reported in 1996
[23], where the dot profile determining by AFM was observed to be very similar to that
of III-V dots.
Various studies have shown that the transition of 2D to 3D occurs gradually in CdSe/ZnSe
system and is more complex than the spontaneous and abrupt change implied by the SK
growth mode [31–35]. Evidence has been obtained which strongly suggests that when
CdSe is grown on ZnSe, QDs begin to form well before the critical thickness of the
deposited layer. The SK growth mechanism is therefore inadequate to describe fully
the 2D to 3D transition. PL and µ-PL studies carried out on these structures have shown
strongly confined 0D excitons for coverages of only 1.1 ML, which is far below the critical
thickness for CdSe on ZnSe [32, 36]. These results suggest that ZnCdSe 2D islands with
some graded composition containing local maxima of Cd concentration form as the CdSe
is deposited, providing localisation for 0D excitons.
Strassburg et al. have shown the presence of two well distinguishable classes of nano-
scale islands in CdSe/ZnSe structures, which were identified by optical spectroscopy and
cross-section high-resolution TEM [31]. For 2.1 to 3.1 ML CdSe deposition, coherent 3D
islands, formed in SK mode, were found with typical diameters of∼16nm and a coverage
dependent density of up to 3×1010cm−2. Simultaneously, small islands with lateral ex-
tensions below 10nm and a density of 5×1011cm−2 were formed by strain-modified (SM)
island growth. Interdiffusion processes at the ZnSe/CdSe interfaces and segregation lead
to the formation of a ZnCdSe-alloy layer. The investigation by cross-sectional scanning
transmission electron microscopy (STEM) clearly indicated a coexistence of 2D ZnCdSe
platelets within the wetting layer and 3D islands, showing clearly that the platelets act as
precursors for the formation of the final 3D dots [33].
High-resolution TEM studies have also revealed the coexistence of two different classes
of islands during the formation of CdSe QDs, the islands of an average size about of
16nm and the smaller clusters with an average size less than 10nm [34]. The kinetic reas-
ons for the formation of the different size class islands was investigated. The density of
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the large islands was found to be strongly dependent on the CdSe coverage, showing a
steep increase when the critical thickness is exceeded and characteristic of SK growth.
By contrast, it was found that the density of the small clusters was almost invariant with
respect to CdSe coverage, and that they were formed during the growth of wetting layer
on top of large, flat 2D islands most probably due to strain-driven surface kinetics near the
island edges. These small islands have been referred to as fractional-monolayers formed
by SM island growth [35]. It was also shown that the QD structure is significantly modi-
fied during the growth of the ZnSe cap due to interdiffusion processes at the CdSe/ZnSe
interface.
A bimodal distribution of QD sizes has also been observed, where plan-view TEM images
show the coexistence of two classes of QDs with an average lateral size of <10nm (area
density 100µm2) and 10-50 nm (20µm2), respectively [37]. The shape of the larger entit-
ies is pyramidlike. These dots were formed during reorganization of an initially uniform
film by thermal activation from an almost uniform CdSe layer which resembles the wet-
ting layer of the SK mechanism. The TEM findings were consistent with optical data and
x-ray diffraction measurements which indicated that roughly 1 of the 3MLs condenses
into QDs.
Concerns about post growth stability and origin of islands are another important issue
regarding QD formation. Many groups have reported the instability of the self organised
CdSe dots [23, 38], which is uncharacteristic of the self-regulating SK growth regime.
Similarly in some cases, the size of the uncapped islands measured using AFM does not
correlate with the blue shift of the PL observed for capped dots which has been shown to
be strongly dependent on the shape of the dots [39]. Dot like structures have also been
observed on pure ZnSe surfaces [24, 26], which are thought to consist of Selenium oxide
clusters and have been observed to undergo Ostwald ripening [40]. This observation has
led to doubt about the origin and chemical composition of II-VI QDs.
Further investigations based on the equilibrium properties of strained heteroepitaxial sys-
tems, incorporating the growth of wetting layer, dislocation-free island formation, and
ripening predicted that the stability of dots is very sensitive to the amount of material
deposited and Ostwald ripening can be avoided by carefully controlling this [22]. Al-
though the theory of Ostwald ripening is fairly well understood much less is known about
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Figure 3.5: Conduction band and Valence band offsets for MgS/CdSe structures.
the influence of strain [41], not only on the island stability but also on size and spatial
distributions.
A systematic investigation of the surface morphology of CdSe QDs as a function of time,
using AFM measurements in air reported that Ostwald ripening was observed and was
an intrinsic material property of the CdSe based II-VI heterosystems [42]. Conversely,
another group has demonstrated that the Ostwald ripening does not occur on laboratory
time scales [43]. Their in situ AFM measurements were carried out once the sample had
cooled down to room temperature. After scanning the same area over a 5 day period,
no change in the surface topography of the sample was observed. However, new larger
structures appeared after the sample was exposed to atmosphere for some time. These
new structures were not statistically correlated with existing features on the CdSe sur-
face. Investigations carried out using lateral force and force modulation microscopy on
CdSe/CdS QDs have shown material contrast indicating that the observed islands may not
be composed of CdSe but instead consist of selenium clusters [27].
An examination of these islands is given in Section 3.8.
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Figure 3.6: Schematic of typical MgS/CdSe quantum dot structure for (a) AFM and (b) PL char-
acterisation.
3.7 Growth of MgS/CdSe QDs
The lattice parameter of ZB MgS is similar to that of ZnSe and GaAs and so the strain
in MgS/CdSe is almost identical to that in ZnSe/CdSe system. Therefore a similar trans-
ition from two dimensional to three dimensional growth, resulting in self formation of
QDs is expected with increasing CdSe deposition. As a result, the strain driven Stranski-
Krastanov growth method used to fabricate ZnSe/CdSe QDs can be used successfully in
the MgS/CdSe material system.
The growth method used to fabricate the self-assembled QD structures presented in this
chapter is a surface reorganisation process that occurs during the growth interruption with
thermal activation [44]. A 50nm ZnSe buffer layer was deposited on to a (100) GaAs
substrate at a growth temperature of 240oC. Soon after ZnSe growth commences, a (2×1)
reconstruction along with a weaker c(2×2) reconstruction are observed by RHEED, indic-
ating slightly selenium rich growth conditions. ZnSe layer is followed by the deposition
of a 10nm MgS barrier. A streaky c(2×2) RHEED pattern is maintained during MgS
growth. A 4 ML thick CdSe layer is then deposited on the MgS barrier layer using mi-
gration enhanced epitaxy (MEE). The structure of a typical MgS based CdSe QD device
is shown in Figure 3.6.
MEE is a modification of the MBE growth technique, where the growth proceeds layer by
layer, which leads to improvements in the structural quality of the material produced [45,
46]. During normal MBE growth, the migration distance of adatoms is limited, resulting
in surface roughness that may be more than a ML thick. The MEE technique, however,
leads to an enhancement of the adatom migration, by alternatively exposing the growing
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surface to the constituent elements. A short time delay between each exposure not only
enhances surface atom migration but also eliminates background interaction between the
fluxes at the surface of the growing film. For MEE growth of CdSe, the Cd incorporation
kinetics are governed by various factors, including the Cd flux intensity, deposition time
and substrate temperature. During PL and TEM studies of CdSe/ZnSe QDs formation,
it was found that the nominal thickness deposited per cycle linearly increases with the
amount of Cd supplied up to ∼ 0.5 ML before saturating, showing that the growth rate
for MEE is self-limiting at 0.5ML per cycle [47].
During the MEE growth of the samples presented in this chapter, each cycle consisted of
10s deposition of Cd plus 5s growth interruption, followed by 10s deposition of Se plus
5s growth interruption. After the CdSe deposition, samples were subsequently annealed
at a higher temperature, before being cooled to the growth temperature under Se flux.
The surface was continuously observed using RHEED. During the CdSe deposition, the
RHEED became diffuse and long streaks appeared. During annealing, these streaks be-
come very spotty, indicating a transition from 2D to 3D. However this transition was also
observed during the CdSe deposition, while growing thicker samples. Once the structure
is cooled down to the original growth temperature, a monolayer or two of ZnSe is grown
over the quantum dots to protect the underlying MgS layers from oxidation.
3.8 Selenium clusters vs QDs
The observation of nanometer scale surface clusters 40-200 nm in diameter and 10-40 nm
in height, which form as a result of the initial exposure of the Se contained surface layer
to atmosphere has always caused confusion when it comes to the surface study of QD
containing structures. These clusters exhibit Ostwald ripening at room temperature over
a period of days and weeks. Due to the small size and sensitivity to electron beams, dir-
ect chemical analysis of cluster composition has proved difficult. However experimental
observations combined with existing literature suggested that the cluster composition was
not pure Se, but instead SeO2 [40]. Due to the striking similarity in surface morphology
of these nanometer scale clusters to quantum dot structures, many research groups have
reported room temperature ripening or ’Ripening mode’ quantum dots based on AFM
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Figure 3.7: 2µm×2µm AFM images showing a 4 ML CdSe surface (a) after the growth, outside
growth chamber and (b) after subsequent ex situ annealing in room temperature at
200 oC for 2 min. Both Se clusters (bright dots) and CdSe QDs (smaller, less bright
dots) can be seen in (a).
studies, which were in fact SeO2 clusters [23, 48, 49].
The main challenge in surface morphological study was in differentiating these clusters
from actual QDs. 3D islands may not necessarily appear as a distinct dot on an uncapped
AFM sample and the apparent Se cluster formation, on the other hand can be easily mis-
taken for a QD. Smathers et. al. have demonstrated the formation of these clusters and
their ripening over time at room temperature on ZnSe epilayers and proved that following
growth in air, the clusters were volatile in vacuum and disappeared if left under vacuum
for approximately 6 hours [40]. However there have been no reports yet on eliminat-
ing selenium clusters from real QD structures. For such an experiment it is important
to visualize both QDs and Se clusters on sample surface and removing the latter without
compromising the QDs.
Uncapped QD samples were grown for AFM surface analysis with the structure GaAs/
ZnSe(50nm)/ MgS (10nm)/ CdSe(4 ML). Two distinct types of dots were observed on
AFM images: QDs with ∼2nm height, ∼20nm diameter were observed along with sel-
enium clusters with ∼30nm height and ∼150nm diameter. The areal densities of these
dots were approximately 1011 cm−2 and 108 cm−2 respectively. The CdSe dots may not
appear on AFM scans all the time, due to a variety of reasons. In such instances it is very
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easy to mistakenly count the visible selenium containing clusters for QDs.
Ripening of selenium clusters has been observed on all the samples. QDs remain unaf-
fected throughout several weeks while selenium clusters have undergone Ostwald ripen-
ing. Several attempts were made to eliminate the Se clusters including vacuum treatments
[40] which proved to be ineffective in this case. Se clusters were present on sample sur-
faces left under vacuum for up to 24 hours.
Figure 3.7 shows the results of a simple procedure, in which Se clusters were evaporated
by heating the sample in atmosphere at 200 oC for 2 minutes. The bigger, brighter dots are
Se clusters while the smaller ones are QDs. This experiment was first tried under vacuum
but the atmospheric version proved to be as effective and more convenient. No changes
in the QD size or density were noted. Samples were examined further under AFM over
a two weeks period and no further Se cluster formations were found. From observing
several QD structures grown under various conditions for several weeks, no ripening of
the QDs was found after this simple heat treatment.
3.9 Density control of CdSe QDs grown on MgS
There is much interest in using the CdSe QDs for applications such as in single photon
emitters/detectors. In order to achieve this, low density QDs are needed because at low
density (<109cm−2), only a few QDs are pumped by a laser spot and thus single photons
can be ejected from single QDs. However, reproducible procedures necessary for a con-
trolled formation of CdSe quantum dot structures are not available presently.
Controlling the areal density and distribution of QDs is the main challenge in SK growth
mode. Various factors affecting the growth and structure of QDs include CdSe thickness,
Cd/Se flux ratio, annealing temperature, annealing time, substrate temperature and growth
delays. However, by using the MEE growth method, Cd/Se flux ratio is not significant as
long as sufficient flux is maintained from each cell.
In this chapter, the areal density control of CdSe quantum dots is achieved by introducing
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Figure 3.8: Schematic representation of the three different time delays, t0, t1 and t2. t0 is the initial
growth delay after after the CdSe deposition, t1 is the temperature ramp up time and
t2 is the annealing time.
appropriate growth delays at various stages of the CdSe growth. All other parameters
are left constant. A 4 ML thick layer of CdSe has been grown for all the samples. All
of the AFM samples mentioned in this chapter have the same structure described below,
whereas samples intended for PL have an additional cap . This is primarily a surface study
using AFM, whereas ensemble 77 K PL is used to back up the conclusions, by optically
confirming the presence of dots.
The AFM sample structure is, GaAs(substrate)/ ZnSe(50nm)/ MgS(10nm)/ CdSe(4ML)/
ZnSe(2ML). This additional 2ML ZnSe cap on AFM samples is to prevent the oxidation
of the underlying MgS layers. Samples grown for the PL characterisation have the struc-
ture, GaAs(substrate)/ ZnSe(50nm)/ MgS(10nm)/ CdSe(4ML)/ MgS(10nm)/ ZnSe(12nm),
as seen in Figure 3.6.
All of the samples were grown at a growth temperature of 240oC. Samples were further
annealed at a high temperature of 320oC, followed by cooling down to the initial growth
temperature 240oC, and succeeding growth of capping layers. A constant Se flux is ap-
plied throughout the annealing and subsequent cooling.
This study is focussed only on varying the times t0 and t2 while keeping all other growth
parameters unchanged. These times are schematically shown in Figure 3.8. Initially a
combination of three time delays t0, t1 and t2 were examined extensively. Variations in t1
produced no significant changes in the QD growth rate kinetics and hence a fixed value
was used afterwards. On the other hand, changing t0 and t2 proved to be very influential
in controlling the areal density of QDs. Two set of samples were grown and examined for
each combination to confirm the changes and average out any random fluctuations in QD
density during SK growth mode.
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Figure 3.9: 2µm× 2µm AFM images of samples HWC436, HWC437, HWC438 and HWC430.
The data obtained from these scans are given in Table 3.1. (The brighter dots on
HWC430 and the single bright dot on HWC437 are selenium clusters.)
3.10 Effects of growth delay after CdSe layer deposition, t0
t0 is the growth delay introduced after the final monolayer of CdSe was deposited, while
the samples were still at the growth temperature and was varied from 0 to 100 minutes.
Samples were then heated to the annealing temperature in 2 minutes(t1) and annealed (t2).
For all the samples grown for this part of the study, t2 was fixed at 15 minutes. Table 3.1
shows the results obtained from introducing the growth delay, also shown graphically in
Figure 3.10.
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Sample No. Growth
Delay, t0
(min)
Annealing
Time, t2 (min)
QD Areal Dens-
ity (×108cm−2)
HWC430 0 15 360
HWC436 1 15 40
HWC433 5 15 55
HWC437 10 15 64
HWC438 20 15 160
HWC439 40 15 184
HWC442 100 15 200
Table 3.1: Effect of introducing various growth delays on quantum dot areal density for a fixed
annealing time.
Seven sets of samples, with each set containing at least two samples were grown with
different growth delays t0. The first set of samples were grown with t0=0, i.e. samples
were heated to the annealing temperature straight after the CdSe deposition. This was
the usual way of QD growth at Heriot-Watt. The AFM images showed a large density
of quantum dots in the range of ∼ 350-400 ×108cm−2. The next set of samples was
grown with t0=1 min. Samples were then heated to the annealing temperature after 1 min.
Surprisingly all three samples show a very low density of surface dots in AFM, varying
from 38 - 44 ×108cm−2. The change in the areal density of surface dots by introducing a
60 sec delay was dramatic. (See HWC436 in Figure 3.9)
This led to the growth of five more sets of samples, with increasing t0 of 5, 10, 20, 40 and
100 minutes. Detailed results from all the seven sets of samples are given in Table 3.1.
Scans were obtained from at least three different regions of every sample surface to ensure
the uniformity of dot formation. No variations in the number of dots were observed from
scans obtained from the center of a sample and its edges.
These samples can be easily assigned into three groups, depending on the areal density of
dots. In the first group, samples grown with t0=0 have shown the highest number of dots,
whereas in the second group, samples grown with t0= 1, 5 and 10 min have produced
the lowest number of dots. Finally in the last group, samples grown with t0= 20 min to
100 min have shown an almost saturation in the number of dots. No samples were grown
further to investigate the effects of a prolonged (>100 min) growth delay in the areal
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Figure 3.10: Graph of QD areal density vs. growth delay, obtained from Table 3.1. (An effective
error bar cannot be plotted alongside as the errors differ with density range. The
lower dot denity (50-100 dots) samples had no errors whereas the high dot density
(200-400 dots) samples had an error of ± 8 dots.)
density of dots.
In terms of growth delay, a sudden drop in the areal density has been observed within the
first minute. The density has slightly increased with time thereafter and from 1 min to
20 min, there was a gradual but slow increase. From 20 min onwards up to 100 min the
dot formation has appeared to be saturated as the rate of increase in density has become
negligible and by the 40-100 min range it was almost constant.
Figure 3.11 shows the PL emission spectra from three samples, HWC416, 417 and 418.
The only difference among these three samples were the varying t0. HWC416 has been
annealed straight away after the CdSe deposition. Whereas t0 of 20 min and 1 min were
introduced during the growth of HWC417 and 418 respectively. From the shape and
intensity of the PL emission, HWC416 has most dots and HWC418 the least.
The dots appear to be in the same size range as well. The ZnSe and QD features both show
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Figure 3.11: 77K PL spectra from samples (a) HWC416, (b) HWC417 and (c) HWC418, where
the peak from the CdSe QDs is outlined in red. The corresponding t0 are (a) 0 min,
(b) 20 min and (c) 1 min.
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Figure 3.12: The plot of Log pump power vs Log intensity from sample HWC416, where both the
QD peak and ZnSe peaks show linear power scaling.
roughly linear curves on a log/log intensity plot with gradient at least >0.5, so appear to
be excitonic. See Figure 3.12. The reason for the plot to be not exactly linear is possibly
due to not all photons being collected by the spectrometer. This is a drawback of the PL
setup used currently at Heriot-Watt.
It is not practical to estimate the actual number of dots from PL at 77K. However similar
samples were later grown uncapped and AFM characterisation agrees on the range of
number of dots present. HWC416 has the highest number of dots, 400 ×108cm−2 while
samples HWC417 and 418 have QD areal densities of 160 ×108cm−2 and 40 ×108cm−2
respectively. These PL spectra are thus in good agreement with the changes in the QD
areal density with respect to growth delay.
All the QDs grown by varying growth delay, were of the same height measured using
AFM, between 1.52 nm and 1.61 nm, except sample HWC438 which showed slightly
taller dots at∼ 1.78 nm. Diameter of a QD this small cannot be accurately measured using
an AFM cantilever with tip radius in the range of ∼ 10 nm. This ultimately prevented
calculating the total amount of material used for the QD formation and wetting layer. All
the samples have shown randomly distributed QDs and the average dot seperation varied
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Figure 3.13: 2µm× 2µm AFM images of samples HWC424, HWC425, HWC441 and HWC448
with t2=1, 5, 30 and 45 min respectively. The data obtained from these scans are
given in Table 3.2. (The brighter dots on HWC441 and HWC448 are selenium con-
taining clusters.)
from ∼ 20 nm on HWC430 to ∼ 200 nm in HWC436.
These results have shown that the as grown CdSe initially prefers to smoothen and stabil-
ize against islanding when a growth delay is introduced. This could be due to the loss of
mobile adatoms initially available for the 3D island formation during the growth delay.
These adatoms may then be incorporated at the edges of existing 2D precursor islands.
The loss of adatoms is most important in the first minute with a slower nucleation rate
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Sample No. Growth
Delay, t0
(min)
Annealing
Time, t2 (min)
QD Areal Dens-
ity (×108cm−2)
HWC428 1 0 0
HWC424 1 1 0
HWC425 1 5 42
HWC426 1 10 38
HWC436 1 15 40
HWC441 1 30 60
HWC448 1 45 72
Table 3.2: Effect of varying annealing time on quantum dot areal density for a fixed growth delay
time.
becoming important at longer t0. Material transport between islands is believed to be high
during the initial growth delay. Exchange of atoms across the surface takes place during
this time. This could explain why there were fewer dots initially and increasing with t0.
The highest number of 3D islands possible after any finite growth delay is still only less
than half the number, in samples grown with t0=0. This indicates that at least half of these
adatoms are lost by introducing the initial growth delay. Even further high temperature
annealing over extended period can recover only half the adatoms initially available and
eventually it leads to 3D island formations.
3.11 Effects of annealing time, t2
The second time delay examined during this study was the annealing time, t2, which
varied from 0 to 45 min. Seven sets of samples with each set containing at least two
samples were grown. This time, the growth delay t0 was set constant at 1 min, as this
provided earlier the lowest areal density of dots. Again all other growth parameters were
left unchanged within experimental error.
The first set consisted of samples grown with no annealing (t2=0). Here, after the CdSe
deposition, 1 min growth delay (t0=1 min) was introduced and samples were immediately
capped, without any high temperature annealing. AFM images of these samples (See
Figure 3.13)have shown no 3D islands as expected. The next set of samples were annealed
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Figure 3.14: Graph of QD areal density vs. annealing time, obtained from Table 3.2
for 1 min and again the AFM showed no surface dots. However t2=2 min produced some
island like structures, but due to the long period surface undulations, it was not possible
to count the 3D islands from an AFM image.
The corresponding RHEED pattern during growth supported the AFM data. For samples
grown with t2=0 or 1 min, the RHEED pattern was streaky and slightly diffuse without
any presence of spots, which could indicate the start of the surface nucleation. The streaky
patterns could be due to the continuous Se exposure throughout. However for t2=2 min,
the RHEED patterns showed elongated spots starting to form along the streaks, indicating
the onset of formation of islands.
The next set of samples was grown with t2= 5 min. AFM images showed clear surface is-
lands in the density range of∼ 40×108cm−2. The gradual transformation of the RHEED
pattern from slightly diffused streaks to completely elongated spots was observed during
the growth. Further growths with increased t2 of 10 and 15 min produced similar results.
The areal density of the dots was constant throughout this annealing time window of 5-15
min, and with similarly sized dots in the range of 38 - 42 ×108cm−2. This is the lowest
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II-VI QD density reported to date on non patterned substrates.
Further increasing t2 has shown a gradual increase in the number of dots. For t2=45 min,
the dot density was∼ 70×108cm−2. No attempts were made to anneal the sample beyond
t2=45 min. The results from varying annealing time are shown in Figure 3.13. It is also
schematically represented in Figure 3.14, where the numbers of dots are plotted against
t2. It can be seen that within a time window of 5-10 min the dot density is stable. Beyond
this range, the density can be effectively tuned upwards by changing t2.
3.12 Summary
An easy and effective method for eliminating SeO2 clusters from the surface of QD struc-
tures by annealing to above the evaporation temperature of Se has been demonstrated.
This technique prevents any future ripening of SeO2 and the QDs are not affected. No
significant difference has been noticed between performing the annealing in atmosphere
and under vacuum.
The areal density of CdSe QDs grown on MgS barriers has been examined. Introducing
a growth delay soon after the CdSe deposition, before annealing has proved to be very
effective in significantly reducing the number of QDs. A one minute delay has reduced the
number of dots by a tenth. Further growth interruptions have helped to gradually increase
the number of dots, to get to a saturation point, beyond which any further growth delay
seems to be not affecting the number of dots. The number of dots have been confirmed
through repeated growths.
The effect of annealing time on the number of dots has also been studied. Samples grown
with different annealing time have shown varying number of dots. At least two minutes
of annealing was required for any quantum dot formation. An increased number of dots
with increased annealing time was noticed. Three ranges of saturation in number of dots
formed with respect to the annealing time has been observed.
RHEED has also been used to monitor the QD formation in situ. AFM was extensively
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used to count the surface dots, whereas 77K PL was primarily used to ensure the presence
of QDs. Majority of the dots were of the same height range, ∼ 1.52 to 1.61 nm. By
controlling just the growth delay and annealing time, the number of dots can be effectively
reduced to as low as ∼ 3.8 ×109cm−2. This is the lowest, reproducible II-VI dot density
reported to date using MBE/MEE on non-patterned substrates.
3.13 Future Work
By combining various growth delays (t0) and annealing temperatures (t2), it has been
demonstrated that the QD areal density can be tuned effectively, over the range 3.8 - 40
×109cm−2. With the help of changes in other important parameters, this method could
lead to a more precise control of areal density. The number of QDs can also be controlled
by varying other important parameters such as the CdSe layer thickness, metal/non-metal
flux ratio (only in MBE growth mode), substrate temperature, annealing temperature,
etc.
By properly measuring the dimensions of a dot using a characterisation technique such as
TEM, the amount of material transformed to QDs can be studied. Any difference in the
structure of dots grown with t0= 0 and 1 minute is of particular interest as it is possible to
get a more convincing explanation for the significant drop in the number of dots within
such a short time.
One of the major difficulties associated with this study was the lack of an appropriate
optical characterisation technique. The 77K PL presented in this chapter is not adequate to
study the optical properties of the QDs. All counting of the dot densities were performed
using an AFM on tapping mode. A µ-PL setup is necessary to compliment the AFM
results as well as to provide even more details on the grown dots.
The effects of strain on QD formation can possibly be studied by growing a series of
samples on relaxed off-lattice ZnCdSe, ZnSSe, ZnMgSSe, ZnCdSSe or ZnCdMgSe of
different thickness deposited on MgS. Growth of both PL and AFM samples would be
beneficial.
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Chapter 4
Control of surface morphology in zinc blende MgS
4.1 Introduction
MgS is an unusual II-VI semiconductor with a number of interesting properties, in partic-
ular, its huge bandgap, ∼ 5eV. As a result, thin (<20 nm) layers of ZB MgS have found a
number of uses. A few of the important applications of MgS in both the ZB and RS phase
is given in Table 4.1.
Although stable bulk crystal structure of MgS is RS, the Phillips’ ionicity of MgS is 0.786,
which is close to the boundary between the regions of stability for the ZB and RS phases.
Navrotsky and Philips [1] have proved that the free energy for the transformation between
the ZB and RS phases is close to zero. Using a thin film growth technique like MBE, it is
possible to grow compounds and alloys in the ZB phase when it is not their stable crystal
structure. MgS can be grown epitaxially in the metastable ZB structure if grown on a
(001) ZnSe layer, and is lattice matched to both ZnSe and GaAs. When grown on GaAs
substrate in ZB crystal structure, MgS has a tensile strain of only 0.55% whereas ZnSe
has a compressive strain of -0.27%. Hence strain symmetrised structures are possible with
ZnSe/MgS multilayers.
Growth of metastable rocksalt compounds such as MgS on ZB substrates is not straight-
forward. Prior to the attempts to grow MgS epitaxially, the material was grown as a low
purity polycrystalline powder using different methods based on the reduction of Mag-
nesium sulphate [8]. A number of groups have also attempted to grow ZB MgS by both
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4.1 Introduction
Grower Method Year Thickness (nm)
Sharp Labs [9] MBE 1995 0.96
Suemune et. al. [11] MOVPE 1996 10
Konczewicz et. al. [10] MOVPE 1996 2000 (ZB & RS phases)
C. Bradford et. al [2] MBE 2000 134
Table 4.2: Past growths of MgS in ZB phase
Metalorganic Vapour Phase Epitaxy (MOVPE) and MBE and the results are given in Table
4.2. Initial attempts to grow ZB MgS by MBE directly on GaAs produced layers of only
0.96 nm thick before changes in the RHEED patterns indicated a phase transition back to
RS [9] and recently, it has been confirmed that MgS only grows in the RS structure when
deposited directly on GaAs, possibly as a result of interaction with the substrate forming
coumpounds such as Ga2S3 [7]. Layers of MgS up to approximately 2µm thick have also
been grown on GaAs (100) substrates using MOVPE, but both the ZB and rocksalt phases
were detected by X-ray diffraction [10].
Previous work at Heriot-Watt has however shown that thick ZB MgS layers can be de-
posited on ZnSe buffer layers using Mg and ZnS as sources [2]. Above a certain critical
thickness the layer always reverts to the stable RS structure. The thickest ZB Mgs layer
reported before this study was 134 nm thick, which was produced with the aid of an added
MgS/ZnSe smoothing layer [12].
It was not obvious if the critical thickness value obtained was an upper limit, determined
primarily by thermodynamic constraints, or merely a product of the normal operating
conditions. This chapter is an investigation into the factors affecting the growth of thicker
ZB MgS layers. By varying different growth parameters such as material fluxes, growth
temperature, etc the effect of MgS growth dynamics has been studied here. A brief ac-
count on the difficulties faced while attempting the MgS growth in the beginning of this
project is followed by the demonstration of successful growth. RHEED was used to study
the surface morphology, in situ during growth. Post growth examinations were carried
out using AFM, XRI and XRD.
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4.2 Growth of Magnesium Sulphide
4.2.1 Flux stability
All of the samples mentioned in this study were grown in the HWC chamber using 6N
elemental sources of Zn, Se and Mg and a 6N compound source of ZnS. A liquid nitrogen
cooled shutter was fitted between the ZnS cell and the shutter in order to help reduce the
amount of sulphur leaking around the shutter when the cell is at its normal operating tem-
perature [13]. Previous work showed that this approach has helped considerably to reduce
the low partial pressure of sulphur containing species in the chamber during growth.
However there were other issues related to the long term stability of the ZnS flux, where
it was noted that the flux began to drop considerably after approximately 25-30 growths.
Examining the ZnS cell and shutter revealed that there were chunks of ZnS built up around
the liquid nitrogen cooled shutter, effectively reducing the exit area and thus causing a
reduction of the material effusing from the cell.
Although at this point there was enough source material left in the cell, big crystals of
ZnS on the top of the cell were intact and thought to be acting as a plug and restricting
the evaporation of material from behind. This phenomenon has been noted earlier in this
group and measures were taken to use only small crystals of ZnS during refill. But this
tends to happen if extra care has not been taken in selecting the ZnS pieces used to fill the
cell.
Another problem with the ZnS shutter is associated with the built up of material on the
shutter itself. This prevents the shutter from opening sometimes. This is a real challenge
as there is no visual aid on the actual position of ZnS shutter and the external shutter
mechanism is not mechanically connected to the internal shutter but uses magnetic coup-
ling. During growth, while opening the shutter, the outer magnet moves and will be in the
shutter open position with the indicator ON regardless of the real position of the internal
shutter. If the shutter gets stuck inside during growth, the only way to find out is from the
changes in RHEED pattern.
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Later it was found that Se cell was also developing a similar issue when excess material
was left on the shutter. But this is a rather rare event compared to ZnS.
4.2.2 GaAs substrate preparation
GaAs(100) substrates from American Crystal Technology (ATX) were used for the growth
of MgS epitaxial layers. Prior to entry into the growth chamber, substrates were etched
in a 2:2:20 solution of H2O2:H2O:H2SO4 for 90s. The substrates were then rinsed in
18 MΩ deionised water and quickly dried with a jet of dry oxygen free nitrogen (OFN)
gas. The substrates were then bonded to a molybdenum block using indium as a bonding
agent. Massies et al. [14] has shown that this bonding process leaves a substrate surface
oxidised. Depending on the temperature and time taken during bonding, oxide layer
thickness typically varies to 2-3 nm.
The sample is then transferred to the prep chamber via the fast entry lock and placed un-
der the prep heater and heated to ∼ 120 ◦C for 10 minutes to remove any water left on
the sample. In the growth chamber the oxide layer is removed from the sample surface by
rapidly heating to ∼ 580 ◦C. The sample is then cooled down to the growth temperature
below 280 ◦C under a Zn flux [15]. After oxide layer removal, a sharp (4x2) RHEED pat-
tern was observed on the (001) GaAs surface, indicating a clean surface with no sulphur
contamination.
All MgS growths were initiated on thin ZnSe buffer layers (typically ∼ 50nm) grown on
the GaAs substrate. These buffer layers helps prevent the sulphur from reacting with the
GaAs substrate. A 3D RHEED pattern will be visible for the first 20-30 seconds into the
growth, which subsequently transforms into a streaky (2x1) pattern indicating flat surface
within the next 10 sec.
No changes were made to this preparation process during this study.
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4.2.3 ZB MgS growth mechanism
The development of ZB MgS crystal structure and the growth occurs when at least, part
of the impinging Zn flux become bonded at the surface, with the favoured tetrahedral
bonding. But before the next layer is formed, these Zn atoms are replaced by Mg atoms
which are then forced into a four fold coordination.
The ZnS growth rate in the region 240-270 ◦C was calculated in calibration ‘Batch A’
samples to be 0.09 µm/hr, while that of the MgS was 0.15 µm/hr because the incorpora-
tion rate of sulphur on a growing ZnS growth is considerably lower than unity while Mg
is known to increase the incorporation of sulphur in quaternary alloy ZnMgSSe [16].
4.2.4 Additional notes
Three different batches of samples were investigated in this chapter. The first batch of
samples belong to a set, grown at Heriot-Watt in the year 2000 and called in this chapter as
‘Batch A’. ‘Batch B’ is the set of defective samples initially grown after the lab relocation
for the works mentioned in this chapter whereas ‘Batch C’ samples were the final set,
grown by optimising all the growth parameters.
All the material fluxes were measured using a Keithley picoammeter, which shows the
beam equivalent pressure (BEP) in nA.
XRI structures used in this chapter typically have a structure ZnSe (50nm)/ MgS (varying
thickness)/ ZnSe (50nm), unless otherwise specified.
4.3 Challenges in initial MgS growth
Initially MgS samples were grown by keeping the Mg cell temperature constant at 375 ◦C
and adjusting the ZnS cell temperature so that to get a ZnS BEP of ∼ 500 nA. This was
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based on the previous successful growths performed at Heriot-Watt MBE group. It was
thought that prolonged exposure to Mg flux results in the background current of an ion
gauge to rise rapidly and hence routine measurement of Mg flux was avoided to prevent
contamination. Occasional Mg flux measurements have shown a steady BEP of ∼45 nA,
giving a BEP ratio of ∼ 1:11 Mg:ZnS.
4.3.1 Changes in growth environment after lab relocation
There were a number of unavoidable changes in the growth environment compared to
the previous growths in this group. Because of the small range of growth conditions
which produces ZB MgS, any small alterations could lead to dramatic changes in the
sample morphology. This section briefly discusses about the changes in the MBE growth
situation.
Shifting of the MBE laboratory was a massive step at the beginning of this project. The
entire MBE system has been moved to a new lab in another building. The whole process
of decommissioning and assembling back took several months. All of the shutters and
cells from both the chambers have been securely removed and valves were closed tightly
with flanges. The reassembly followed a careful leak detection of several sections and a
comprehensive baking. After restarting growth in the new lab, there were signs of rough-
ening substrate surface during growth, as evidenced from RHEED. However the sample
morphology began to improve over the next few growths and was judged acceptable after
approximately 10 growths.
Another problem arising was from the substrate temperature reading. The thermocouple
attached to the rear of the substrate heater in manipulator was the primary temperature
measuring point. Soon after the growth resumed in the lab, the thermocouple reading
began to fluctuate by over tens of degrees during growth. A few times, the thermocouple
has registered no temperatures for approximately 20-30 seconds during growth. This
started to happen at regular intervals and jeopardised an ongoing growth. The substrate
manipulator had to be brought out for inspection. It was found that the thermocouple
junction at the back of the substrate heater became loose causing a separation when the
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substrate arm rotates during growth.
This temperature uncertainty lead to the re-evaluation of the use of pyrometers. While
thermocouple measurements always have a certain temperature offset, pyrometer readings
can give a more accurate temperature (See Section 2.5.2 for more details on the pyro-
meters used here). Both the high temperature and low temperature pyrometers needed
calibration. The melting point of indium at 156 ◦C was used as a reference for calibrating
the low temperature pyrometer, while the GaAs oxide desorption temperature was used
for the high temperature pyrometer. In the latter case, the progress was monitored using
RHEED. It was already proven that the oxide layer on a GaAs substrate will be removed
at ∼ 582 ◦C by rapidly heating in vacuum chamber [17].
Difficulty in loading samples into the substrate manipulator was next to address. The
horse shoe shaped sample holder in front of the substrate heater has a spacing of around
one centimetre to enable easy transfer of the samples. Over time this spacing became nar-
rower causing difficulties in the sample transfer. It was found that the molybdenum screws
which hold the heater in place became loose over time and as a result it slipped down to
the horse shoe, virtually leaving a few millimetres which was inadequate for the sample
transfer. It was not possible to easily repair the unit without breaking the molybdenum
screw. Subsequently the whole manipulator was replaced with an identical unit from an-
other system. The new manipulator has been thoroughly outgassed and the cleanliness of
the chamber was examined using mass spectrometer and growth resumed. This replace-
ment manipulator had a very stable thermocouple connection, ultimately eliminating all
the thermocouple related problems.
Another important change in this study, compared to the previous research in this group
is the change in Mg flux. Since the beginning of the MgS growth research in 1999, the
Mg cell temperature in this group was kept constant at 375 ◦C, while the BEP was ∼
45 nA. But from the beginning of this project there were issues in MgS growth such as
the higher Zn incorporation, lower growth rates and poor reproducibility resulting in the
degradation of the sample after few months exposure to air. Several problems encountered
are discussed in the next section.
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Figure 4.1: 004 reflection experimental and simulation scans of (a) HWC273, (b) HWC271
and (c) HWC272, with a structure GaAs(substrate)/ZnSe(60nm)/MgS(x)/ZnSe(60nm),
where x, the growth time was 1, 2 and 3 minutes respectively.(Batch B)
Sample No. MgS
Growth
Time (sec)
MgS
Thickness
(nm)
Zn mole
fraction
(%)
Growth
Rate (A˚/s)
HWC273 60 1.08 11 0.18
HWC271 120 2.39 10 0.19
HWC272 180 3.62 12 0.20
Table 4.3: MgS thickness and growth rate determined by XRI (Batch B)
4.3.2 Issues faced during initial growths
Due to the above mentioned changes in the growth system, it was necessary to start
with recalibrating the MgS growth rate. Three ‘Batch B’ samples, HWC271, HWC272
and HWC273 were grown with the structure GaAs(substrate)/ ZnSe(50nm)/ MgS(x)/
ZnSe(50nm) where x, the growth time was 2mins, 3mins and 1min respectively. These
samples were grown at 270 ◦C. Samples were characterised using XRI on both the 004
and 115 planes. Figure 4.1 shows the 004 simulation on all three samples. Table 4.3
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contains the data obtained from this scan. XRI analysis of these samples revealed higher
residual Zn content in MgS than expected. All three samples have the best Goodness
of Fit (GOF) when the zinc content was around 10 %. Furthemore, the growth rate was
found to be ∼ 0.2 A˚/s, which was half the previous growth rate.
The ‘Batch A’ samples had a smaller residual Zn incorporation when analysed using XRI
and these values were confirmed by Secondary Ion Mass Spectrometry (SIMS) and Auger
spectroscopy at Loughborough Surface Analysis. The results had shown that the residual
zinc content lies in the range of 0.5 to 3.0 %. The growth rate of MgS was found to be ∼
0.45 A˚/s.
The primary factors affecting the higher Zn incorporation and lower growth rate were the
growth temperature, ZnS flux and Mg flux. Since any changes in the simulation program
could also lead to miscalculations, this was also examined.
The growth temperature used for the samples grown for this study was 270 ◦C. It has been
proved already in this group that a growth temperature range of 240-270 ◦C was ideal for
good quality MgS growth and at 270 ◦C, up to 12 nm of ZB MgS can be grown.
ZnS flux data were constantly monitored before and after growth. The ‘Batch A’ XRI
samples were grown using a ZnS BEP of ∼ 500nA at a cell temperature of ∼ 850 ◦C.
The same flux was used for the growth of ‘Batch B’ samples mentioned above, but the
cell temperature had to be raised to 915 ◦C. This is due to the fact that there were some
deposit build up on the shutter and the liquid nitrogen cooled ring, effectively restricting
material effusion. Raising the cell temperature would not affect the growth rate if the
same flux is used. The drop in ZnS BEP with respect to the number of growths can be
seen in Figure 4.2
As regular measurement of Mg flux was avoided, it was difficult in identifying problems
with the Mg flux. Over 300 samples had been grown thus far on growth chamber C,
and the Mg flux had been measured only 12 times. Out of these 12 flux measurements,
seven readings were taken during low Mg quaternary alloy growths, using a lower Mg cell
temperature and cannot be used to compare the flux taken at the normal cell temperature
of around 375 ◦C. However for all the ‘Batch A’ MgS growths, the cell temperature was
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Figure 4.2: Graph of ZnS cell temperature for a BEP of 500 nA versus number of growths.
fixed at 375 ◦C and the measured flux was always ∼ 45 nA. Mg flux was found to be
the same during the ‘Batch B’ growths as well. Since the Mg cell was refilled during
assembling the MBE machine in the new lab, it was sure that the cell is not running
low.
The next step was to examine the results from the simulation program. Recently the JV
RADS program was reinstalled and an incorrect value in the materials parameter database
might give the wrong Zn incorporation. The lattice constant (5.619 A˚) and Poissons ratio
(0.425) of MgS were checked and verified. At this point it was decided to re-simulate
x-ray data from ‘Batch A’ samples and compare this with the values obtained previously.
‘Batch A’ samples HWA1158, HWA1159 and HWA1162 were measured, which were
used previously for the growth rate measurement of MgS. All of these samples were
grown with the XRI structure, where the thickness of MgS spacer layer was 3, 5 and 6 nm
respectively [12].
All three samples were simulated using JV RADS, on both the 004 and 115 reflections.
Figure 4.3 shows the XRI simulation results from the samples on 004 reflection. Cor-
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Figure 4.3: 004 reflection experimental and simulation scans of (a) HWA1158, (b) HWA1159 and
(c) HWA1162, with a structure GaAs(substrate)/ZnSe(60nm)/MgS(x)/ZnSe(60nm),
where x, the growth time was 80, 120 and 150 seconds respectively. (Batch A)
Sample No. MgS
Growth
Time (sec)
MgS
Thickness
(nm)
Zn incor-
poration
(%)
Growth
Rate (A˚/s)
HWA1158 80 3.20 2.2 0.41
HWA1159 120 5.21 1.4 0.43
HWA1162 150 6.73 1.7 0.45
Table 4.4: MgS thickness and growth rate determined by XRI from batch A samples.
responding data obtained from these scans are on Table 4.4. The simulations were then
repeated adding thin mixing layers of the quaternary alloy, Zn(0.5)Mg(0.5)S(0.5)Se(0.5)in
between ZnSe and MgS. The results obtained matched with the previous findings in terms
of growth rate and Zn incorporation. A growth rate of approximately 0.45 A˚/s and a Zn
content of <2 % were confirmed, showing the simulation program was working nor-
mally.
Based on these results, alterations were made in growth temperature and ZnS and Mg
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fluxes to examine the effects on MgS growth. Seven samples (Batch B) were grown by
varying the growth temperatures from 250 ◦C to 300 ◦C to study the changes in Zn in-
corporation with respect to the calibration samples. These XRI samples all had an MgS
spacer layer, grown for 3 minutes. The main difference from the previous growths was
that during the MgS growth, RHEED began to show signs of spots from surface rough-
ening as early as 2 minutes into growth when the growth temperature was above 280 ◦C
whereas the samples grown below this temperature showed a flatter surface with a c(2x2)
pattern visible throughout the 3 minutes growth time. The best RHEED patterns were
observed at 250 ◦C. XRI analysis on these samples has shown little difference in terms of
Zn incorporation and growth rate, regardless of the temperatures they were grown.
From the ZnS flux measurements during ‘Batch A’ growths, it was clear that any ZnS BEP
between 450 to 550 nA was sufficient for a good MgS growth. This variation of∼ 100 nA
gave enough room to accommodate any temporary flux instability during growth. Since
ZnS flux had such a wide range, and all the present growths were using a flux well within
this range, no further adjustments were necessary. However two further samples were
grown using the same structure as above while keeping the growth temperature constant
at 250 ◦C, but using two different ZnS fluxes, one each from both the lower (400 nA) and
upper end (700 nA) of the ZnS flux range. The XRI results were slightly different. The
sample grown with 700 nA of ZnS did not show any variations in Zn incorporation and
growth rate. But the second sample grown using a ZnS flux of 400 nA was very difficult
to simulate. The best GOF was∼ 0.18 and the MgS thickness was still the same. RHEED
was also showing a spotty pattern during the growth, which denotes a rough surface. So
at this stage the ZnS flux was fixed at ∼ 500 nA or above for all the growths followed.
Another three ‘Batch B’ XRI calibration samples, HWC303, HWC304 and HWC310
were grown with varying MgS growth times of 2m, 1m and 3m respectively. A growth
temperature of 250 ◦C and ZnS flux of ∼ 500 nA were used. The aim was to see if any
changes had occurred as the first batch B structures were among the first samples grown
in the HWC chamber after the refit. Figure 4.4 shows the simulated XRI curves from
these three samples. The results obtained were identical to the three samples HWC271,
HWC272 and HWC273. A growth rate of ∼ 0.2 A˚/s was obtained. The Zn incorporation
was found to be ∼ 10 %. Corresponding data obtained from these scans are on Table
4.5.
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Figure 4.4: 004 reflection experimental and simulation scans from batch B
samples. (a) HWA304, (b) HWA303 and (c) HWA310, with a structure
GaAs(substrate)/ZnSe(50nm)/MgS(x)/ZnSe(50nm), where x, the growth time
was 60, 120 and 180 seconds respectively.
Sample No. MgS
Growth
Time (sec)
MgS
Thickness
(nm)
Zn incor-
poration
(%)
Growth
Rate (A˚/s)
HWC304 60 1.31 8.7 0.22
HWC303 120 2.86 9.1 0.23
HWC310 180 4.47 8.3 0.24
Table 4.5: MgS thickness and growth rate determined by XRI from the batch B samples.
At this point the only parameter left unchanged was the Mg flux. It was left untouched,
as during the previous growths at Heriot-Watt, for a cell temperature of 375 ◦C, Mg flux
was constant at 45 nA, and this has been used to successfully grow the first thicker ZB
MgS layers (including Batch A samples examined here). Results of changing the Mg cell
temperature/flux are detailed in Section 4.4.
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(a) (b) 
(c) (d) 
Figure 4.5: 200×UV microscope images of samples (a) HWC304, (b) HWC311, (c) HWC310 and
(d) HWC303 showing developments of various surface formations and microscopic
pores. (Note: Samples were exposed to atmosphere for varying times)
4.3.3 Sample degradation
Some samples from the growths so far have also been used for Epitaxial Lift Off (ELO)
(see Chapter 6 for more about ELO). From the beginning it was noticed that while some
of the samples were likely to etch, some do not. It was also noted that different pieces
of substrates cleaved from the same sample behaved differently in the etching solution.
The etching time varied from several hours to a day for ‘Batch B’ samples compared to
30-60 minutes required for older samples. This pointed towards growth defects induced
in MgS layer. Examining some of these samples under a UV microscope showed small
openings or holes on sample surface (See Figure 4.5). Various surface formations were
observed here, possibly due to the rapid oxidation of MgS through the openings or pores
at the surface.
Samples HWC303 and HWC304 were analysed using XRI again after three months, to
examine if these defects were evident on an X-ray scan. Figure 4.6 compares the 004
99
4.4 MgS growth improvement as a function of Mg flux
- 3 0 0 0 - 2 0 0 0 - 1 0 0 0 0 1 0 0 0 2 0 0 0
Inte
nsit
y (c
ps)
θ/2θ a r c s e c s
( a )
( b )
( c )
 
 
Figure 4.6: XRI experimental scans from HWC304 over several weeks interval. (a) one day after
growth, (b) eight weeks after growth, (c) 12 weeks after growth.
reflection experimental scans from the sample HWC304, between immediately after the
growth and after 3 months. Newer scans from both the samples were entirely different
from the older ones. The epilayer separation from older scans has almost disappeared,
with a broad ZnSe peak instead. The degradation of MgS spacer layer is obvious from
the XRI scans and this explains why the ELO was not successful on these samples.
4.4 MgS growth improvement as a function of Mg flux
At this point, the only parameter left unchanged was Mg flux. As stated earlier, the steady
flux of ∼ 45nA obtained from Mg cell at a constant cell temperature of 375 ◦C was
used for all the previous successful MgS growths performed in this group. Finally it was
decided to study the changes in MgS growth with respect to the varying Mg flux.
Initially few samples were grown by raising the Mg cell temperature by increments of
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5 ◦C. HWC314 and HWC328 were AFM samples grown with a structure ZnSe(90nm)/
MgS(x m)/ ZnSe(4nm), where x, the MgS growth was terminated when RHEED started to
show spots and diffusion. These two samples were grown at Mg BEP of 53nA and 60nA
where the corresponding cells temperatures were 385 ◦C and 390 ◦C. When a BEP of 53
nA was used, the RHEED pattern went spotty just after five minutes into MgS growth
whereas at 60nA of Mg, the RHEED went spotty and diffuse after two minutes. This,
when compared to the regularly used flux of 45nA where the spots began to appear only
after 7-8 minutes into the growth has shown that raising the Mg flux was not a solution.
AFM scans of these two samples have shown a very rough surface with ∼ 15 nm wide
ridges running along the [110] orientation and no flat areas in between.
The growth temperature used for these two samples was 250 ◦C. Before commencing
further growths it was decided to study if lowering the growth temperature further was
of any help. Increasing the growth temperature was previously found to be reducing the
MgS thickness. Two more samples were grown at a temperature of 245◦C and 240◦C and
slight improvements were found. At 240 ◦C the MgS growth time increased to 8 minutes
before the RHEED spots started to appear. Hence the growth temperature of 240 ◦C was
fixed for all the growths followed.
All of the samples in this section had a structure ZnSe(60nm)/ MgS(18 mins of growth)/
ZnSe(2nm) and were grown at a constant growth temperature of 240 ◦C, ZnS BEP of ∼
500nA and with the Mg flux varied. The AFM samples had a 2 nm ZnSe capping layer
to prevent the MgS layer from oxidation. This very thin layer does not alter the surface
morphology of the sample during AFM analysis. HWC383 was grown with a Mg BEP
of 45nA to study the surface morphology changes. Sharp and streaky c(2x2) patterns
were observed from the beginning of MgS growth. The RHEED started to show spots
and become slightly diffuse after 8 minutes MgS growth. These spots slowly increased
in intensity and size over time. The growth was continued until an MgS growth time of
18 minutes and by this time the RHEED had lost all diffraction features and was diffuse.
The AFM scan (Figure 4.7a) shows large pits up to 2 µm wide. There were flatter areas
between pits with RMS roughness of ∼ 0.8 nm denoting a near atomically flat surface.
From calculated thickness and XRI growth rate measurements, it was evident that these
pits originate at the interface, passing through the MgS over layer and reaching the ZnSe
capping layer surface.
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Figure 4.7: 20µm× 20µm AFM images from samples (a) HWC383, (b) HWC382, (c) HWC390
and (d) HWC391 grown with Mg BEP of 45 nA, 22 nA, 17 nA and 15 nA respectively.
HWC392 grown with 13 nA Mg BEP shows similar features to (d).
Immediate improvements were noticed from the beginning of the next growth, HWC382.
Mg flux was reduced to a BEP of 22 nA for this sample, where the corresponding Mg
cell temperature was 370 ◦C. A strong and streaky c(2x2) pattern was visible from the
beginning of MgS growth and it began to fade after 12 minutes into growth. By the end
of the growth, the half order diffraction features had almost disappeared, but the RHEED
was still streaky. Upon examining the sample with AFM, improvements were visible.
The pit density has reduced compared to the first sample. The pit size was reduced to
a maximum of ∼ 1.3 µm and were clearly oriented along [110] (Figure 4.7b). Mean
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Figure 4.8: Mg BEP versus the pit density observed using AFM.
roughness was reduced to 3.91nm. From this analysis it was in no doubt that decreasing
the Mg flux was the key in improving the ZB MgS growth conditions.
Three samples, HWC390, HWC391 and HWC392 were then grown with gradually redu-
cing the Mg flux to 17 nA, 15 nA and 13 nA respectively. Improvement in the RHEED
pattern was visible where the c(2x2) pattern was observed throughout the growth of MgS
on all these three samples. RHEED spots were not noticeable for the samples grown
with the Mg BEP of 15 nA and 13 nA. AFM surface analysis on these three samples has
shown clear enhancement in smoothness and a reduction in the number and size of pits.
HWC390 had very few pits while HWC391 and HWC392 had no pits at all (See Figure
4.7). RMS surface roughnesses for these samples were 2.57 nm, 1.8 nm and 0.89 nm
respectively.
An increase in the pit density with increasing Mg flux can be seen from Figure 4.8. AFM
and RHEED observations from all the five samples mentioned in this section are given in
Table 4.6.
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4.4 MgS growth improvement as a function of Mg flux
Figure 4.9: 20µm× 20µm AFM scans of samples with the structure ZnSe(60nm)/ MgS(64nm)/
ZnSe(2nm), where the Mg BEP was (a) 15nA and (b) 13nA.
Since the last two samples in this set had identical, smooth surface with no pits, two
additional samples were grown with larger MgS thicknesses using 15nA and 13 nA Mg
BEP in order to determine if the good surface morphology was maintained or alternatively
could generate a measurable density of surface pits. During the growth of these thicker
samples, the RHEED pattern became slightly diffuse and weak spots began to appear at
30 minutes into MgS growth. Growth was halted at this stage to study the surface. AFM
scans showed very similar surfaces for the two samples (see Figure 4.9). These showed a
very small number of much shallower pits∼ 25nm deep along with the signs of beginning
of ridge formation along [110] direction . These [110] oriented ridges are a prominent
surface feature on thicker MgS layers [18]. The sample grown with 13 nA BEP had a
slightly better surface with fewer pits and ridges. As a result the Mg BEP was fixed at
13 nA for all subsequent samples. After thickness calibrations (in next section) the MgS
thickness in these two samples were found to be 64 nm thick. From AFM measurements
average pit depth for these samples were found to be ∼ 25 nm, which was less than half
the thickness of the MgS layer. This was different from the samples grown with higher
Mg flux, where the pit depth was the same as the layer thickness of MgS, means the pits
originated at the surface.
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Figure 4.10: 004 reflection experimental (black) and simulation (red) scans from the ‘Batch
C’ samples. (a) HWC397, (b) HWC396 and (c) HWC400, with a structure
GaAs(substrate)/ZnSe(60nm)/MgS(x)/ZnSe(60nm), where x, the growth time was 60,
120 and 180 seconds respectively.
Sample No. MgS
Growth
Time (sec)
MgS
Thickness
(nm)
Zn mole
fraction
(%)
Growth
Rate (A˚/s)
HWC397 60 2.04 0.9 0.34
HWC396 120 4.32 1.2 0.36
HWC400 180 6.99 0.3 0.39
Table 4.7: MgS thickness and growth rate determined by 004 XRI from the ‘Batch C’ samples.
4.5 Growth rate and layer composition calibration
As the smallest Mg BEP is only a third of that previously used, it was necessary to re-
calibrate the growth rate. Calibration samples were grown to examine if the changes
compromised the layer composition, growth rate and crystalline quality of the MgS layer.
Three XRI samples HWC397, HWC396 and HWC400 with an MgS spacer grown for 1
106
4.5 Growth rate and layer composition calibration
- 3 0 0 0 - 2 0 0 0 - 1 0 0 0 0 1 0 0 0
 e x p e r i m e n t a l  s c a n
 s i m u l a t e d  s c a n
Inte
nsit
y (c
ps)
θ/2θ a r c s e c s
( a )
( b )
( c )
 
 
Figure 4.11: 115 reflection experimental and simulation scans from the ‘Batch C’
samples. (a) HWC397, (b) HWC396 and (c) HWC400, with a structure
GaAs(substrate)/ZnSe(60nm)/MgS(x)/ZnSe(60nm), where x, the growth time was
60, 120 and 180 seconds respectively.
Sample No. MgS
Growth
Time (sec)
MgS
Thickness
(nm)
Zn mole
fraction
(%)
Growth
Rate (A˚/s)
HWC397 60 2.11 1.1 0.35
HWC396 120 4.27 0 0.35
HWC400 180 6.82 0.4 0.38
Table 4.8: MgS thickness and growth rate determined by 115 XRI from the ‘Batch C’ samples.
min, 2 min and 3 min respectively were examined. RHEED patterns indicated that the
MgS growth was in zinc-blende phase for all three samples.
The strain between these two II-VI compounds is much larger than that found in the III-V
system, resulting the interference fringes repeating more frequently with increasing layer
thickness [19]. By using two reflections with different planar spacing such as the 004
(Figure 4.10) and 115 (Figure 4.11) a unique value can be obtained.
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The simulation model contained a MgxZn1−xS layer to allow for the Zn incorporation.
All three samples showed good crystallinity and were in good agreement over growth
rate, with ∼ 0.36 A˚/s obtained. The amount of Zn present in the MgS layers was in the
range 0-1.2%, which is similar to that obtained with the larger fluxes. The growth rate of
ZnSe was confirmed to be at∼ 0.9 A˚/s. Details are given in Table 4.7 (004) and Table 4.8
(115).
From this growth rate measurement, the thickness of the first five ‘Batch C’ samples,
HWC383, HWC382, HWC390, HWC391 and HWC392 grown for examining the effect
of varying Mg flux was calculated to be 39 nm for a growth time of 18 minutes.
4.6 Epitaxial Lift Off on MgS
The ‘Batch B’ MgS samples grown prior to ‘Batch C’ had problems with the ELO. Large
changes in etching time as well as different pieces of a single substrate behaving differ-
ently to the etching solution have been noticed during processing ‘Batch B’ samples. All
of those samples were grown with higher Mg flux and recent AFM scans have shown
microscopic surface pits on those samples. These pit formations were thought to extend
through the ZnSe capping layer. This could ultimately leave the MgS layer in contact
with the atmosphere and a resulting oxidation.
After improving the ZB MgS growth and calibrating thickness, it was decided to grow a
few more samples for the epitaxial lift off and to study if the recent changes in the growth
made any improvements. Four samples HWC384, HWC385, HWC396 and HWC397
were grown with the structure ZnSe(60nm)/ MgS(x nm)/ ZnSe(60nm), where x was 6.5
Sample No. MgS Thickness (nm) Lift off Time (min)
HWC384 6.5 4
HWC385 4.3 6
HWC396 4.3 7
HWC397 2.1 Did not lift
Table 4.9: Results of epitaxial Lift-off performed on ‘Batch C’ MgS samples.
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4.7 Effect of a smoothing layer on thick MgS layers
nm, 4.3 nm, 4.3 nm and 2.1 nm respectively and a Mg BEP of 13 nA was used. Times to
complete the lift off are given in Table 4.9
Previous attempts on ‘Batch B’ have shown that some samples which lifted immediately
after growth, failed to lift if tried again after several weeks. To check if this was caused by
oxidation starting at the surface pits, cleaved pieces of HWC384, HWC396 and HWC397
were attempted to etch again after two months. As expected, the first two samples lifted
easily in the same time as found previously. HWC397 did not lift again.
4.7 Effect of a smoothing layer on thick MgS layers
Further attempts were made to grow thick layers of ZB MgS directly on a ZnSe layer
grown on top of a GaAs(100) substrate. The first samples were deposited on a ∼ 60 nm
thick ZnSe buffer layer in order to separate the subsequent MgS from the GaAs/ZnSe
interface and ensure a smooth starting surface. HWC393 was grown with the structure
ZnSe(60nm)/ MgS(64nm)/ ZnSe(2nm), where the growth of the MgS layer was stopped
when RHEED started showing spots. AFM images showed a predominantly flat surface
but with smaller pits of ∼ 15 nm deep. It was not possible to grow thicker MgS beyond
64 nm with this structure as a phase transformation was imminent.
Previously Heriot-Watt MBE group have demonstrated that the critical thickness of ZB
MgS for phase conversion to RS can be increased by incorporating a ZnSe/MgS smooth-
ing layer [20], and so the effect of such layers was investigated. HWC394 was grown
to study the effects of a smoothing layer with the structure ZnSe(60nm)/ MgS(21nm)/
ZnSe(30nm)/ MgS(130nm)/ ZnSe(4nm). The growth was halted when MgS layer was
at 130 nm thick as the integral RHEED patterns began to show spots and diffusion, in-
dicating a rough surface. This addition of the smoothing layer has doubled the ZB MgS
thickness. AFM shows a flat surface with cracks beginning to form along [11¯0] and 1 D
ridges along [110]. The cracks on this sample were 60 nm deep, but RHEED and XRI
analysis shows that the sample remains in ZB phase. Figure 4.12 shows a section analysis
of HWC393 and HWC394.
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Figure 4.12: AFM section analysis of HWC393 and HWC394
Several samples were then grown varying the ZnSe/MgS/ZnSe smoothing layer compos-
ition to study the way it affects the morphology of the 130 nm thick MgS layer. HWC395
was grown with structure ZnSe(30nm)/ MgS(7nm)/ ZnSe(30nm)/ MgS(130nm)/ ZnSe-
(4nm), where RHEED has showed spots and went diffuse after∼ 80 nm into MgS growth.
However the growth was continued till the MgS layer was 130 nm thick and by the end of
the growth RHEED showed weak faceted pattern, indicating the phase transition into RS.
AFM analysis has shown a surface with cracks up to 75 nm deep, elongated along [11¯0]
orientation.
Superlattice buffer structures were also grown to study the changes in the MgS layer.
HWC399 was grown with a 10 cycle ZnSe(12nm)/ MgS(3nm) buffer structure before de-
positing the thick MgS. At the end of the superlattice, RHEED showed strong, streaky
patterns indicating a flat surface. However in the last quarter of the MgS growth RHEED
started to show spots along [110] azimuth and later by the end of the 130 nm thick MgS
growth, it became diffuse. The streaky pattern was still visible meaning the layer retained
the ZB crystal structure, confirmed subsequently by XRD. AFM images have shown
cracked surface similar to the previous samples. AFM roughness analysis has shown a
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4.7 Effect of a smoothing layer on thick MgS layers
Figure 4.13: 20µm× 20µm AFM images from samples (a) HWC403, (b) HWC405 and (c)
HWC406.
slightly larger RMS roughness than HWC394 (See Table 4.10).
These samples were grown using MgS/ZnSe superlattice buffers of the form GaAs / ZnSe
(d1)+ MgS (d2) / ZnSe/ MgS. In the case of a strain symmetrised superlattice, with d1 ∼
4d2 there was no obvious improvement seen in the maximum critical thickness before the
phase conversion. Also AFM measurements showed that the surface produced by depos-
iting a thin MgS layer on a very thin layer of ZnSe deposited on GaAs substrate produced
a much smoother surface than previously thought. So it was decided to incorporate these
changes in a smoothing layer structure similar to HWC394.
The next sample, HWC401 was a significant improvement in minimising the surface
roughness by reducing cracks. The sample was grown with a structure ZnSe(12nm)/
MgS(30nm)/ ZnSe(24nm)/ MgS(130nm)/ ZnSe(4nm). The RHEED was streaky through-
out the growth indicating a 2D growth and spots began to appear only in the final 10 nm
of MgS growth.AFM images showed a surface with 1D ridges along [110]. Very shallow
pits ∼15 nm deep were visible on the surface. This surface had the lowest surface rough-
ness measurements thus far. RMS surface roughness measurements for these samples are
given in Table 4.10 .
Subsequently a set of three samples, HWC403, HWC405 and HWC406 were grown with
the structure ZnSe (6nm)/ MgS (12nm)/ ZnSe (x nm)/ MgS (130 nm)/ ZnSe (4 nm), where
x was 12nm, 6nm, and 18 nm respectively. Growth was halted at 130 nm of MgS to study
the surface of samples. Even with a 130 nm thick MgS layer, the surface showed a strong
and streaky RHEED pattern along [110] azimuth indicating a ZB surface with no signs of
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4.8 Observation of surface pits
Sample
No.
Smoothing
layer thickness
[ZnSe/MgS/ZnSe]
(nm)
MgS thick-
ness (nm)
RMS rough-
ness (nm)
HWC403 6 / 12 / 12 130 1.89
HWC405 6 / 12 / 6 130 2.07
HWC406 6 / 12 / 18 130 2.29
Table 4.11: AFM surface roughness values obtained from samples grown with varying smoothing
layers.
phase conversion [18]. The c(2x2) pattern was visible during the growth of MgS layer.
AFM images in Figure 4.13, show that the two samples with central 6 nm or 12 nm thick
ZnSe layers generate the flattest thick MgS layers, and that the 12 nm ZnSe layer pro-
ducing the flattest surface. Residual roughness (Table 4.11) on these two samples arises
primarily from patches of 1D oriented ridges unlike the sample with the thicker ZnSe layer
where there is a contribution from the small cracks. 1D ridges or nanowires developed on
thick MgS layers are believed to be arising from the anisotropic strain in the MgS layer
during partial relaxation and are formed well before the onset of the phase transition [21].
These ridges are visible throughout from 130 nm to the maximum thickness achieved so
far.
The structure of sample HWC403 was adopted for growing even thicker ZB MgS since
this surface had the fewest 1D nanowires and the surface roughness was lower than the
other two samples in this series. This study has shown the significance of the smoothing
layer structure in growing thick ZB MgS.
4.8 Observation of surface pits
Two different populations of pits are observed on the samples grown for this study, neither
of which have been observed previously on samples grown at 270◦C. The surface is al-
most flat and featureless for the samples grown with 13 nA and 15 nA Mg BEP, but the
samples grown with higher Mg fluxes contain deep pits (denoted type A pits), with dens-
ities increasing rapidly with Mg flux. The type A pits are irregular in shape and vary from
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Figure 4.14: Cross sectional analysis (left) of AFM images (right) of (a) Type A and (b) Type B
pits. Note the different horizontal and vertical scales for (a) and (b).
<1 µm to >2 µm in diameter, although the highest Mg fluxes produce on average larger
pits. These pits have shallow side walls without a flat region at the bottom, but within
experimental error all pits on a given sample have the same depth, which is close to the
MgS layer thickness obtained from X-ray measurements. There is no apparent preferred
alignment direction of pits on any of the samples. On samples with lower type A pit dens-
ities there are some cracks which run into or between adjacent pits which are possibly
associated with local relief of the tensile strain in the MgS layer. The depth of the type
A pits and their random distribution is compatible with their origin being a fault in the
nucleation at the underlying surface.
AFM scans of subsequent 64 nm thick MgS samples grown with 13nA and 15 nA Mg
BEP showed that both of the samples did not have any type A pits, but showed 5−8×106
cm−2 shallower pits (denoted type B pits) together with some [110] oriented ridges which
have been observed previously on layers grown at 270 ◦C [18]. The sample grown with
13 nA BEP had lower densities of both type B pits and ridges
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4.9 Growth of the thickest ZB MgS
The type B pits are ∼10-15 nm deep and quite different in appearance from the irregular
type A pits. A comparison between the two types showing the different profiles in cross-
section is given in Figure 4.14. The type B pits have side walls with straight sections
that are aligned with < 110 > directions and are more regular, some being approximately
square. They also have a large central region which is, within 1-2 nm, approximately
flat. As they form during growth with lower Mg fluxes than type A pits, it is unlikely
that they are the same pits which have nearly filled with ZB MgS. They could arise from
the RS inclusions which have been observed in ZB MgS layers [22] and are bounded by
{111} stacking faults that originate at the ZnSe/GaAs interface and propagate through the
ZnSe layer. The higher density of the RS phase means the layer will be thinner by 13
nm in the pit than the surrounding 64 nm thick ZB layer, assuming no lateral transport of
material on the surface, which is in agreement with the observed pit depths. A pyramidal
RS inclusion bounded by stacking faults should have a width of ∼90 nm in these layers.
The majority of type B pits are much wider, but a small number are 90-100nm wide and
significantly none are smaller.
Previous AFM studies of MgS (100) surfaces did not observe either type of pit, but only
examined samples grown at the highest temperature (270 ◦C). At this temperature, the
predominant surface features are 1D ridges [18], whereas pit formation appears favored
at 240◦C.
4.9 Growth of the thickest ZB MgS
It was stated earlier that above a certain critical thickness the ZB MgS layer always reverts
to the stable RS structure. The thickest ZB Mgs layer reported thus far was 134 nm thick
[12] and attempts to grow above this thickness resulted in the phase transition to RS.
To investigate the growth of thicker ZB MgS layers, three samples were grown by gradu-
ally raising the thickness up to where it appears to be starting to undergo phase transition.
Samples with different thickness helped to understand the surface formations and relaxa-
tion of the thick MgS layer. HWC403, HWC407 and HWC409 were grown with structure
ZnSe (6 nm)/ MgS (22nm)/ ZnSe (12 nm)/ MgS (x nm)/ ZnSe (4nm), where x was 130
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Figure 4.15: 20µm×20µm AFM images from samples with the structure ZnSe(6nm)/MgS(22nm)/
ZnSe(12nm)/MgS(x nm)/ZnSe (4nm) where x is: (a) 130 nm (HWC403), (b) 160nm
(HWC407), (c) 200nm (HWC409).
Sample
No.
MgS thickness (nm) Pit Density
(x105cm−2)
RMS rough-
ness (nm)
HWC403 130 10 1.89
HWC407 160 15 2.4
HWC409 200 50 2.6
Table 4.12: AFM surface anaysis data obtained from the three thickest MgS samples
nm, 160 nm and 200 nm respectively. Progress of growth was continuously monitored
using RHEED, with streaky patterns indicating ZB phase. The c(2x2) reconstruction was
also present for the initial 90 % of the growth time. Soon after reaching 200 nm thick,
RHEED started to appear diffuse and spotty which indicates that the layer is starting to
undergo a phase transition from ZB to RS and at this stage growth was halted.
AFM was used for studying the surface roughness and crack formations. AFM images
showed smooth surfaces for samples with 130 and 160 nm of MgS while, nanoscopic
cracks began to form in the 200 nm layer (See Figure 4.15 and Table 4.12). However
the 200 nm layer maintained the ZB structure and is the thickest ZB MgS layer grown to
date.
XRD analysis on 004 plane, also shed light on the relaxation of the structure at three
different thicknesses. ZB MgS peaks become broader as the thickness increases can be
seen from Figure 4.16. HWC403 and HWC407 show ∼ 92% and ∼ 97% relaxation
respectively at thicknesses of 130 nm and 162 nm. The 200 nm sample shows the widest
peak which corresponds to a 100% relaxed layer.
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Figure 4.16: 004 double crystal rocking curves from samples with the structure ZnSe(6nm)/
MgS(22nm)/ZnSe(12nm)/MgS(x nm)/ZnSe (4nm) where x is: (a) 130 nm, (b) 162nm,
(c) 200nm. The ZB MgS peak is at ∼1000 arcsec, while the smaller peak at 600-700
arcsec is a stray reflection from the GaAs substrate.
4.10 AFM Topology of the rock salt MgS surface
Figure 4.17 shows images from HWC395 which has the structure ZnSe(30nm)/MgS(70nm)/
ZnSe(30nm)/MgS(130 nm)/ZnSe (2nm). By the end of the growth, RHEED showed di-
agonal faceted patterns indicating the phase transition from ZB to RS. This AFM scan
shows large cracks along both [110] and [11¯0] directions. Section analysis on this sample
has shown that the cracks have propagated from the surface, through the MgS layer to the
top of the underlying ZnSe buffer layer.
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4.10 AFM Topology of the rock salt MgS surface
Figure 4.17: 20µm×20µm AFM images of HWC395 with the structure ZnSe(30nm)/MgS(70nm)/
ZnSe(30nm)/MgS(130 nm)/ZnSe (2nm) showing (a) crack formation at the point of
rock salt formation. In (b), the roughness measurement plot of the same area, where
areas with similar height profile are highlighted. In (b), areas in lighter shade are
near atomically flat (RMS roughness = ∼ 0.7 nm)
Other interesting features include perfectly flat surface areas in between the cracks. Such
areas are highlighted in Figure 4.17(b). The mainly rectangular areas are nearly atomic-
ally flat with a surface roughness of just 0.72 nm compared to the total area roughness of
∼ 17 nm. The surface roughness obtained from the flat areas are on par with the surface
roughness of smoother thin layers of ZB MgS, especially when allowing for the presence
of selenium clusters which slightly increase the roughness. These flat areas are elongated
along [110] and all lie at the same height. Some transformation mechanisms generate
different height blocks which would have height differences of ∼20 nm and be clearly
visible. These mechanisms are ruled out by this structure.
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Challenges faced during the initial attempts to grow thick ZB MgS layers have been stud-
ied. Problems with thermocouple temperature measurements and sample loading were
rectified by replacing the substrate manipulator. Pyrometers were used to get a more
accurate temperature reading.
Lower growth rate and higher Zn incorporation resulting from a series of changes in the
growth conditions have been examined. AFM was used for analysing sample surfaces
and for roughness measurements. Samples were studied for any changes in the MgS layer
quality as a function of ZnS flux and growth temperature. The effect of reducing the Mg
flux on the growth of ZB MgS layers has been studied. Reducing the Mg flux was found
to produce flatter layers devoid of pits which could then be grown with much greater
thicknesses in the ZB structure. Reducing the Mg flux by a factor of three has produced
the best MgS surface devoid of all observable defects at 38 nm thick .
Using the reduced Mg flux, samples were grown for growth rate and layer composition
calibration. From the three samples grown, the growth rate of MgS was found to be ∼
0.36 A˚/s and a Zn incorporation in the MgS layer was estimated to be ∼ 0 - 1.2 %.
‘Batch B’ samples, grown at the beginning of this work behaved abnormally in the etching
solution. Three samples were grown for etching with the reduced Mg flux. Sample with
thickness above 3 nm were found to etch faster than previously thought and they did not
show any difference in etching time when etched two months after growth. Thus the
changes in the growth have proved to reduce sample degradation.
Further improvements were made by adding smoothing layers. Using thin layers of ZnSe
as buffer layer was found to be more favourable for thick MgS growths. ZnSe/MgS/ZnSe
smoothing layers of different composition were used to grow much thicker MgS layers in
ZB. ZB MgS was grown up to 200 nm thick using these smoothing layers, which is the
thickest ZB MgS layer grown to date.
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4.12 Future Work
The thickest ZB MgS layer of 200 nm grown for this study may not be a critical thickness.
More samples needs to be grown by varying smoothing layer and it could shed more light
into the transformation mechanism. The influence of reducing Mg flux below 13 nA was
not studied here (examined later in Chapter 8). The point where the Zn incorporation in
MgS increases is an interesting topic as from this study, it has been proved that even after
reducing the Mg flux to a third, there was no increase in the amount of Zn present.
One major issue with the RHEED study is that at the moment there is no video capturing
devices in use. Post growth RHEED pattern analysis is not possible. During the super-
lattice growth, it was very difficult to monitor the surface modifications. The changes
in RHEED patterns during phase transitions could have been used for analysing surface
morphology.
The characterisation techniques used here, AFM and XRI/XRD were of invaluable help.
However there are still more characterisation techniques which should be used to investig-
ate this material to further increase our understanding, for example Transmission Electron
Microscopy (TEM) which would help to analyse dislocations in detail. As in quantum
dots it would also show how the crystals have been modified from the original ZB struc-
ture.
More detailed AFM scans can be used to obtain further structural information. Amplitude
function in the AFM provides actual deflection measurements as the tip scans the surface
compared to the height. Any smoothing caused by the AFM tip dimensions can be elim-
inated this way. The actual step size of the terraces inside pits can be measured by using
amplitude measurement.
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Chapter 5
Growth and stability of ZB MgS grown on GaAs, GaP
and InP substrates
5.1 Introduction
It has long been recognized that a thin film can be grown in a crystal structure other than
the one it would normally adopt by depositing it on a substrate with that crystal structure.
MgS is an example of a compound grown in this manner, as discussed previously, the
stable bulk crystal structure is RS but thin epitaxial ZB films can be grown on a (001)
ZnSe layer on GaAs substrate.
One early study [1] suggested that a requirement for this metastable growth to occur was
a high supersaturation during growth. Low supersaturation (near-equilibrium) growth
techniques would only produce the stable phase. In addition, similar lattice constants for
the substrate and metastable phase of the epilayer stabilize the metastable phase up to a
certain critical size for the material deposit. In this model the high surface area to volume
ratio is a key parameter in the stabilization.
Subsequently a different method was used to determine the stability of crystal structures
when depositing RS materials on ZB substrates by Froyen, Wei and Zunger [2]. This is
referred to here as the FWZ model, and this chapter is an experimental investigation into
this model. The model is discussed in Section 5.3, but a key point is that the growth of the
metastable layer requires near lattice match of substrate and epitaxial metastable layer to
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Figure 5.1: Lattice parameter vs. band gap of ZB MgS and the three substrates GaP, GaAs and
InP. The lattice mismatch between MgS and respective substrates are also given. ‘-’
sign denotes compressive strain, whereas ‘+’ denotes tensile strain
prevent relaxation. As a result the growth of ZB MgS was never attempted previously on
any substrates other than GaAs, because of the large lattice mismatch.
This chapter describes the first studies of the growth of ZB MgS on three different sub-
strates with a wide range of lattice mismatches, ranging from InP with 4.4 % tensile strain
to GaP with 3.0 % compressive strain. (See Figure 5.1)
5.2 Growth on different substrates
One of the principal problems in the development of II-VI semiconductor compounds is
the need to grow on III-V substrates [3]. Large electrostatic fields at the II-VI / III-V het-
eroepitaxial interface could severely disrupt the growth and lead to rough interfaces with
poor electronic properties [4]. Large fields are avoided by tailoring interfaces to eliminate
charge imbalances and residual electrical dipoles. This is achieved by growing a graded or
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mixed interface containing equal numbers of III-VI and II-V bonds, for example, Ga-Se
and Zn-As bonds for the ZnSe/GaAs system. At the same time, mixed compounds such
as Ga2Se3 must be avoided as they do not have the ZB crystal structure.
The resulting lattice mismatch between the III-V substrate and II-VI epitaxial layer leads
to strain between the two materials. Strain relief in the growing layers will invariably
lead to the formation of dislocations, resulting in degradation of the material quality. As
a result, the substrates for II-VI material growth have always been chosen so that the
lattice mismatch is as low as possible. This leads to a default set of III-V substrate/II-
VI epilayer combinations, such as GaAs/ZnSe, GaP/ZnS, InP/ZnCdSe, etc, where the
respective lattice mismatches are minimal. However, very thin layers of large lattice mis-
matched epilayers have been grown on III-V substrates for quantum structures, although
of similar thicker layers resulted in huge dislocation densities.
Previously, ZB MgS has never been grown on any substrates other than GaAs (on thin
ZnSe buffers), where the lattice mismatch is approximately 0.6 %. A detailed MgS growth
method is described in Chapter 4, with successful growth of ZB MgS on GaAs substrate
up to 200 nm thick demonstrated recently [5]. Similar thickness ZnSe epilayers have also
been grown only on GaAs (and ZnSe) substrates [6]. The only high strain systems are the
growths of low dimensional ZnSe quantum structures on lattice mismatched substrates [7,
8].
5.3 Predictions of the Froyen-Wei-Zunger (FWZ) model
In the late 1980s, Froyen, Wei and Zunger (FWZ), have described how hydrostatic pres-
sure versus volume data relate to epitaxial structural energies. They suggested a method
to determine the stability of crystal structures when depositing metastable layers such as
RS materials in ZB structure [2]. For each different substrate and epitaxial film combin-
ation, the energy of both phases of the epitaxial layer can be plotted as a function of the
lattice parameter. This same model can also be used to determine the stability of other
metastable thin film crystal structures including those where the stable structure is not
cubic. In particular, it has been used to predict the stability of ZB epitaxial layers where
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Figure 5.2: Schematic diagram of crystal energy per formula unit as a function of lattice constant
for both the rock salt (RS, blue curves) and zinc blende (ZB, red curves) phases with
unstrained lattice constants aRS and aZB respectively. The solid curves are for bulk
material, while thin biaxially strained layers are dashed curves crossing at a∗. The
ZB phase is metastable with a minimum energy EZB. Points X and Y with energies
EDrs and EDzb are RS and ZB layers respectively that have relaxed by the introduction
of dislocations.
the stable structure is nickel arsenide [9]. However, in this case it has been suggested that
interfacial energies may dominate in thin film growth [10]. The crystal structure adopted
by the interfacial layer is also important.
The FWZ method is shown schematically in Figure 5.2. Here the RS structure has an
energy per formula unit (shown in blue) varying parabolically with lattice constant with
a minimum at the equilibrium lattice constant aRS. The corresponding ZB (red) curve
minimum at aZB lies at an energy EZB above the RS minimum, meaning the ZB phase
is metastable. Growth of thin films of either phase can occur on a substrate of different
lattice constant asub. Pseudomorphic growth requires the epitaxial layer to be biaxially
strained to the substrate lattice constant, and the biaxial strain energy curves have smaller
curvatures than for hydrostatic strains (dashed lines in Figure 5.2). The ZB and RS curves
intersect at some lattice constant a∗, and if asub ≥ a∗ then the biaxially strained ZB phase
has the lower energy and is stable. Effectively, the stability of the two phases is reversed
due to the greater strain in the RS layer.
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As h, the layer thickness increases, relaxation through the formation of strain relieving
dislocations becomes possible. The relaxed RS phase with dislocations is shown schem-
atically as point X in Figure 5.2 and has an energy greater than the perfect unstrained
crystal of EDrs. In this schematic, EDrs is a function of h, reducing to zero as the layer
becomes thicker. When h= hcdrs, the energy falls below that for the strained layer, giving
the critical thickness for dislocation formation in the RS phase. In contrast, a relaxed ZB
phase, without conversion to RS, produces a layer at point Y in Figure 5.2 at a critical
thickness h = hcdzb.
The FWZ model therefore makes the following predictions about growth. First, the ZB
phase grows initially only if asub ≥ a∗, otherwise the RS phase forms. Second, as dis-
cussed, typically h = hcdrs < hcdzb, so conversion from strained ZB to relaxed RS will
occur at a minimum layer thickness h = hcdrs. All ZB growth at h < hcdrs will be meta-
stable.
A compound originally highlighted by FWZ as an example was MgS, having aZB close to
asub for GaAs and a small calculated EZB. The predicted a∗ was 5.5A˚, so thin layers (≤ 1
nm) of the ZB phase grown on GaAs would be stable.
5.4 Substrate cleaning
All layers used for this study were grown on (100) oriented substrates from three differ-
ent manufacturers. GaAs (AXT), GaP (ITME) and InP (Wafer technologies) substrates
were used. A clean and stoichiometric surface is imperative for the growth of high qual-
ity epitaxial films. This require removal of native oxide layers and other contaminations
from substrate surfaces. Three different cleaning methods have been used for the three
substrates. GaAs and GaP are described together as their cleaning was relatively straight-
forward. InP required more development and is described separately.
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5.4.1 GaAs and GaP substrate cleaning
For cleaning GaAs substrates, the same method detailed in Chapter 4 has been followed,
where the substrate is chemically etched in a 2:2:20 solution of H2O2 : H2O : H2SO4 for
90 seconds.
For GaP substrates, a cleaning method successfully used previously at Heriot-Watt has
been adopted. Prior to the growth, GaP (100) substrates were etched in 15:5:5 solution
of HCl : HNO3 : H2O for 120 seconds at room temperature [11]. Substrates were then
quickly rinsed in 18 MΩ deionised water and then dried with oxygen-free nitrogen gas.
The substrates were then moved to the growth chamber after mounting on a molybdenum
block using indium glue.
5.4.2 InP substrate cleaning
Several methods of cleaning InP(100) surfaces have been widely used [12–21]. Tradi-
tional cleaning techniques for thermally stable materials include ion sputtering and an-
nealing but the relatively low decomposition temperature of InP at ∼ 380oC prevents
effective annealing of the damage caused by ion sputtering. Sulfur passivation leads to
stable surface termination, but the chemisorbed sulphur atoms cannot be removed com-
pletely by thermal annealing at temperatures below the decomposition temperature of InP
[16–18].
An effective and practical method for cleaning semiconductor surfaces is wet chemical
etching [19–21]. As mentioned in previous sections, all the substrates used at Heriot-Watt
MBE group have always been chemically cleaned. This required finding a suitable chem-
ical etch for InP substrates. One group of solutions widely used for cleaning InP(100) are
based on hydrogen peroxide (H2O2). These methods are effective in obtaining a clean
GaAs(100) surface as well.
HCl has also been used widely on InP(100) substrates, but mainly for etching rather than
as a chemical cleaning agent [22–26]. Furthermore, oxide and carbon contamination were
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Figure 5.3: 100× UV microscope images from two InP substrates, improperly vacuum annealed
at 440oC, showing Indium droplets formation on surface.
reported on the substrate surface after HCl etching [24]. This result may not be because of
the chemical reactions of InP with HCl, but due to the atmosphereic contamination after
the etching. Because of the effectiveness in SiO2 etching due to its unique property of
dissolving SiO2 into soluble SiF2−6 , HF has also been used for InP cleaning, but being a
weak acid it is not expected to perform as good as HCl in oxide removal.
5.4.3 One-step chemical etching process previously used at Heriot-Watt
This study first examined a one step chemical cleaning process using a H2O2 based solu-
tion, which is typically used in the primary chemical etching step in the cleaning of the
GaAs surfaces, detailed in section 4.2.2. Although this process, when followed by vacuum
annealing will result in a clean and stoichiometric GaAs(100) surface, in the case of InP
substrates it was not effective. A 2 × 4 RHEED pattern indicating a clean surface was
obtained, always above the congruent evaporation temperature of InP. The initial clean up
temperature varied from 400 oC to 430 oC. Interestingly, no surface degradation has been
observed in RHEED, as all the patterns were streaky once the surface is cleaned up and
the streaks were maintained even at the low growth temperature. However, as soon as the
growth started, RHEED became very spotty indicating a 3D growth.
At this stage InP test samples were chemically cleaned, vacuum annealed at temperatures
in the range of 400 oC to 430 oC and brought out of the chamber for examining the surface.
UV microscope images from these samples show structures like tiny indium droplets all
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Figure 5.4: 200× UV microscope image from two InP substrate surfaces, vacuum annealed at
400oC, showing the presence of indium droplets.
over the surface as shown in Figure 5.3 and Figure 5.4. Noticeably these samples have
perfectly flat areas in between the indium droplets. During the heating of the substrate,
phosphorus is removed above the InP decomposition temperature and the excess indium
forms droplets on the surface. This formation is not visible in RHEED as the separation
distance of the droplets is orders of magnitude larger than the RHEED coherence length.
In III-V systems there is an overpressure of As or P during the heat clean which prevents
the In buildup, which is not possible in a II-VI chamber [27].
Previously, two different clean up techniques were examined at Heriot-Watt to find which
could best remove the surface oxide while minimising the density of the indium droplets.
The first technique involved raising the substrate temperature slowly in 50oC steps every
2 minutes to a peak temperature of ∼ 390oC , where the 4 × reconstruction first becomes
visible. Increasing the temperature at this low rate limited the possibility of overheating
the sample. Once the temperature reached that peak, the substrate was cooled suddenly
to the growth temperature. During the cooldown the surface was monitored by RHEED,
with the 4 × reconstruction maintained, indicating a smooth flat surface. However UV
microscopy of the surface clearly showed the In droplets on the surface. A reduction in
the In droplets density was observed with lowering the peak temperature, but complete
oxide layer removal required a higher temperature.
The second method used to remove the oxide from the InP surface involved quickly rais-
ing the substrate temperature to 395oC and holding it constant for approximately 40
minutes. This method required the congruent sublimation of InP. Early studies of the
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Figure 5.5: 100×UV microscope image of a sample surface, vacuum annealed at 400oC, showing
Indium droplets along with linear surface features arised from the use of an improper
chemical etch.
growth of InP by MBE state that the maximum congruent evaporation rate was 10−5
monolayers per second, suggesting that cleaning the InP by simply heating it to the con-
gruent evaporation temperature would be inefficient [28]. However, another study has
since demonstrated that InP substrate cleaning can be successfully carried out by main-
taining a temperature of 380 ± 50oC for 15 minutes [29]. The cleaning was carried out
without any fluxes incident on the surface. The oxide removal was confirmed by X-ray
Photoelectron Spectroscopy carried out in a UHV chamber connected to the MBE cham-
ber. The temperature range used corresponds to the congruent evaporation temperature
and therefore the oxide layer present on the surface of the InP is removed while still main-
taining the congruent evaporation of the InP. This method was tried at Heriot-Watt earlier
and proved effective even though the surface was not completely indium droplet free.
This method was repeated on the InP substrates for this study. But the RHEED patterns
during growth suggested that it was not reproducible. RHEED spots arising due to the
surface roughening during annealing have been noticed throughout. The same problem
has been reported in the previous studies at Heriot-Watt, but since the surface was ad-
equate for the growth of lattice matched, thick epitaxial layers, an alternate method was
not developed. UV microscopy images of the samples thus treated has shown fewer in-
dium droplets but has shown some linear surface features as given in Figure 5.5. These
features would have prevented growth of flat II-VI layers and so this cleaning method was
unacceptable. This decision required finding yet another chemical cleaning solution.
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5.4.4 A two-step chemical etching process
A surface analysis study, using photoemission electron spectroscopy (PES) on chemical
species remaining on InP(100) surface after different chemical cleaning techniques has
suggested that a two step chemical cleaning is required for effective oxide removal [30].
For the first cleaning step, a hydrogen peroxide based solution was used. InP(100) sub-
strates were etched in a 4:1:100 solution of H2SO4 : H2O2 : H2O for two minutes. The
substrate surface is hydrophilic after etching with hydrogen peroxide based solutions.
After the cleaning step, the surface has 0.23-0.5 ML of oxide, which most likely takes the
form of indium phosphate (InPO4). The vacuum annealing does not completely remove
the oxide from the surface [31].
After the sample is etched in the initial etch solution, it is dipped in a 1:1 solution of
H2SO4 : H2O for 30 seconds then rinsed in 18 MΩ deionised water and quickly dried
using oxygen-free nitrogen gas. The surface is hydrophobic after the second chemical
cleaning step, having 0.4 ML of elemental phosphorous terminated surface [31]. At the
beginning of the reaction, H atoms bind to the surface phosphorous atoms and hence
the surface will have a hydrogen termination on the phosphorous sites after treating with
a strong acid solution. A hydrophobic surface created by hydrogen termination is well
known for Si surfaces because the H-Si bond is almost non-polarized due to the small
difference of their electron-negativity. Thus the excess phosphorous surface component
may not be elemental but surface phosphorous atoms bonded to hydrogen instead [30].
However this is different in the case of GaAs surface after the same chemical treatment.
A GaAs surface has several layers of elemental As [32]. Hence there is no hydrogen
termination for the GaAs surface and it is not as hydrophobic as InP.
The hydrophobic substrate surface created by this two-step chemical cleaning process
is not only resistant to oxidation but also results in less carbon contamination from the
solution [31]. When the substrate is annealed in vacuum, the elemental phosphorous is
removed at a relatively low temperature, 330oC.
This method has been successfully adopted for cleaning the InP(100) substrates used for
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Figure 5.6: Schematic of the MgS heterostructures grown on the three substrates.
this study. As a result, the clean up temperature was dropped significantly to ∼ 320oC.
Vacuum annealed samples processed this way were examined using UV microscopy and
no evidence of indium droplet formation has been found. RHEED has also shown a flatter
surface during subsequent growths.
5.5 Growth
Heriot-Watt MBE group has previously shown that ZB MgS grows on GaAs and under
optimum conditions thicknesses over two orders of magnitude greater than hcdrs are easily
achievable [33, 34]. In order to determine the influence of the substrate lattice constant on
growth mode, in this chapter the growth of MgS on three different substrates (GaP, GaAs
and InP) with a wide range of lattice mismatches is compared.
All previous successful growths of ZB MgS by the Heriot-Watt MBE group have oc-
curred on thin ZnSe buffers deposited on GaAs substrates, and recently it was shown that
an almost identical growth procedure to the one used at Heriot-Watt forms only RS MgS
if deposited directly on GaAs substrates [35]. In this paper it was suggested that inter-
mediate compounds with structures which do not closely resemble ZB are formed (This
claim was carefully examined following this work and the results are given in Chapter
8). Accordingly, to ensure that the ZB crystal structure is maintained across the interface,
the MgS layers are grown on II-VI buffers that are approximately lattice matched to the
three III-V substrates. The combinations chosen and the MgS strains are given in Table
5.1 which are also schematically shown in Figure 5.6. Relaxation of the buffer layer is
possible and the table also gives the strains between MgS and a relaxed buffer.
All epilayers were grown using the same growth method and conditions as detailed in the
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Heterostructure Strain to ZB MgS
εsubstrate(buffer)(%)
Strain to RS MgS
εsubstrate(buffer)(%)
GaP/ZnS - 3.0 (-3.8) 4.8 (4.0)
GaAs/ZnSe 0.6 (0.8) 8.7 (9.0)
InP/Zn0.6Cd0.4Se 4.4 (3.7) 12.9 (12.1)
Table 5.1: Strains of MgS on different substrates and buffer layer combinations.
previous chapters. All three substrates were chemically etched as described in Section
5.4, prior to loading into the chamber.
After loading, samples were degassed in the preparation chamber, then transferred to the
growth chamber where the oxide layers were desorbed. The desorption temperatures were
measured with a IRCON IR pyrometer as∼ 540◦C,∼ 520◦C and∼ 320◦C for GaAs, GaP
and InP respectively. Before depositing II-VI buffer layers, the substrates were cooled.
For GaAs and InP substrates the temperature was reduced to 250 ◦C under a flux of Zn
[36], while GaP was cooled without any added flux to 170 ◦C. Following oxide removal,
and during the 10-15 minutes needed to cool the sample to the growth temperature, sharp
4x2, 2x4 and 2x1 RHEED patterns were always obtained from GaAs, GaP and InP re-
spectively, indicating minimal sulfur contamination of the substrate surface.
ZnSe on GaAs (-0.2% lattice mismatch), ZnS on GaP (0.7% lattice mismatch) and Zn0.6-
Cd0.4Se on InP (0.9% lattice mismatch) were used as buffer layers for this study. After de-
position of the buffer layers the MgS layer was deposited, followed by a capping layer to
prevent oxidation. The MgS phase was monitored during growth by RHEED. The trans-
ition from ZB to RS has been described previously and is marked by sudden clear changes
in the pattern [33, 34]. Confirmation of the phase present was also obtained after growth
using X-Ray Diffraction (XRD) with the Bede D200 Diffractometer as demonstrated pre-
viously for MgS on GaAs(100) (See Chapter 4). Layer thicknesses and compositions
were determined using the Jordan Valley RADS simulation program. The results of the
growths are discussed in the sections below.
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5.5.1 Growth on GaAs
Due to the near lattice match of MgS on GaAs, and the previous extensive experience
at Heriot-Watt with ZB MgS growth, this substrate is used as a reference. On GaAs
substrates, growth occurred on a ZnSe buffer layer at 250 ◦C to produce samples with
structure GaAs(sub) /ZnSe(50nm) /MgS(12nm) /ZnSe(320nm). Even though ZB MgS
has been previously grown for upto 200 nm thick on GaAs substrate, it was decided to
initially set the thickness of MgS epilayer at 12 nm, which equates to ∼ 5 minutes of
growth at the rate of ∼ 0.38 A˚/s.
A thicker ZnSe capping layer was grown than in previous studies to obtain a more intense
X-ray signal for subsequent analysis. The ZnSe buffer layer RHEED pattern is a very
sharp 2x1 indicating a flat surface which becomes a streaky c(2x2) RHEED pattern as
soon as the MgS growth starts [37]. The 2x1 pattern reappears during the capping ZnSe
layer. Throughout the growth the RHEED patterns were compatible with growth of the
ZB phase, and no features which could be assigned to RS growth were observed. X-ray
analysis of the structure gave the sample thicknesses and a MgS growth rate of ∼ 0.38
A˚/s.
5.5.2 Growth on GaP
Samples were grown on GaP substrates with ZnS buffers which were deposited at 170 ◦C
before increasing the substrate temperature to 250 ◦C for the MgS growth. Within exper-
imental error the growth temperatures and fluxes for the MgS layers were identical with
those used for growth on GaAs substrates. The initial structures produced were GaP(sub)
/ZnS(60nm) /MgS(12nm) /ZnS(320nm) and for the ZnS capping layer the substrate tem-
perature was reduced to 170 ◦C. The ZnS buffer layer shows a very faint c(2x2) RHEED
pattern, which becomes stronger and streakier during MgS layer growth and does not
change in intensity during the growth of the cap. Surprisingly the RHEED patterns indic-
ated that the MgS surface was very smooth and the ZnS capping layer growth was much
smoother than the buffer layer. Again, there was no indication of RS conversion during
growth.
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Figure 5.7: 004 x-ray rocking curves from two GaP/ZnS (10 nm)/MgS (x nm)/ZnS (4 nm) struc-
tures, where x is: (a) 40 nm, (b) 70 nm. Here (a) shows a broad MgS epilayer peak at
the correct position for a fully relaxed ZB layer and a subsidiary weaker peak, which
is assigned to ZnMgS mixing layers a few nm thick between the MgS and surrounding
ZnS cladding. The overall asymmetric shape of the peak arises from this intermixing.
5.5.3 Growth of thicker MgS on GaP
Subsequently, samples were grown to determine the maximum ZB MgS thickness pos-
sible on a GaP substrate with structure GaP(sub) /ZnS (10nm)/MgS (x nm)/ZnS (4nm).
Here the capping layer was only used to prevent oxidation of MgS. For x upto ∼ 40 nm,
RHEED showed a streaky c(2x2) pattern with no spots or diffuse features, indicating high
quality ZB MgS can be grown. With further growth the RHEED streaks became spots
and at x ∼ 70nm, the pattern became diffuse. Figure 5.7 shows the 004 x-ray rocking
curves from (a) the 40 nm and (b) the 70 nm thick layers. In the former the MgS epilayer
peak is broad, and at the correct position for a fully relaxed ZB layer, but is very weak or
absent from all thicker samples, confirming the phase conversion to RS of the underlying
MgS.
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5.5.4 Growth on InP
Samples were also grown on InP substrates with the structure, InP (sub)/Zn0.6Cd0.4Se
(80 nm)/MgS (12 nm)/Zn0.6Cd0.4Se (320 nm). In this case, at the start of the buffer layer
growth the RHEED patterns were spotty, but gradually improved to give a streaky 2x1 pat-
tern and therefore a thicker buffer layer was used to produce a smoother ZnCdSe surface.
The MgS layer again grew smoothly, giving a sharp and streaky c(2x2) RHEED pattern
and the Zn0.6Cd0.4Se capping layer also showed a streaky RHEED pattern throughout the
growth.
These results show that ZB MgS can be grown on substrates over a wide range of strain,
including large compressive strain. The deposited layers appear very similar on all three
substrates and during growth it was noticed that it was impossible to tell from the RHEED
patterns alone which substrate was being used. This result was completely unexpected as
all previous experience by at least four different growers has found that growth of ZB
MgS is very sensitive to growth conditions, in particular substrate temperature and fluxes.
However if the growth conditions are optimized for good ZB growth, then the choice of
substrate appears far less critical.
Irrespective of the strain state in the epitaxial layers at the start of growth, relaxation
occurs through mismatch dislocations. The capping layers grown on top of the MgS
clearly relax and modeling of the X-ray data from the thickest ZB MgS layers indicates
these are also relaxed. This behavior had previously been seen for layers grown on GaAs
substrates [34], [38] and has now been confirmed for GaP and InP.
5.6 Dislocation density calculations
For the epilayers grown on GaAs, GaP and InP substrates, rocking curves were obtained
with the incident beams aligned along [110] and [11¯0]. Symmetric 004 double crystal x-
ray rocking curves were obtained using Cu Kα1 radiation and a Bede diffractometer. The
[110] and [11¯0] directions were identified from the individual substrate manufactures’
notes. Subsequently, the crystal orientations were confirmed by etching the substrates
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Figure 5.8: 004 x-ray rocking curves from samples with structures (a) GaAs (sub)/ZnSe (50nm)/
MgS (12nm)/ZnSe (320nm), (b) GaP (sub)/ZnS (60nm)/MgS (12nm)/ZnS (320nm), (c)
InP (sub)/Zn0.6Cd0.4Se (80nm)/MgS (12nm)/Zn0.6Cd0.4Se (320nm). The curves are
shown with the substrate peaks aligned at the origin. The broad peaks are from the
capping layer. In (b) the subsidiary peak at larger angle arises from the strained ZnS
buffer layer.
in a 1:400 solution of bromine:methanol for 16 sec at 0 oC. This crystallographic etch
reveals pyramidal pits which elongate along the [110] direction [39]. These pits can be
observed through an optical microscope at 1000×.
The obtained DCXRD scans from samples grown on all three substrates and representat-
ive examples are shown in Figure 5.8. Strong epilayer peaks from the capping layers are
visible in all these samples, confirming the ZB structure is maintained throughout. Be-
cause of the thick capping layers, all the heterostructures are relaxed, giving broad peaks
with no thickness fringes.
In thick relaxed semiconductor layers, the dislocation density can be measured and its
anisotropy determined by measuring the FWHM of the relevant layer peak at different
azimuthal angles [40] (Figure 5.9). Dislocations exist on two types of slip systems with
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Figure 5.9: 004 x-ray rocking curve for a GaP/ZnS/MgS/ZnS (001) structure at [110] direction.
Also shown is the Gaussian fit for the ZnS capping layer diffraction peak. The subsi-
diary peak at larger angle arises from the strained ZnS buffer layer.
their misfit dislocation line segments oriented along either [110] (DA) or [11¯0] (DB). An
imbalance in the densities of dislocations on these slip systems produces an observable
azimuthal variation in the rocking curve width for symmetric x-ray reflections (see Figure
5.10).
If symmetric x-ray rocking curves are measured at a Bragg angle θB such that tan2θB<
5 (for example, 004 rocking curves measured with Cu Kα1 radiation) and the disloca-
tion density is greater than about 106 cm−2, then the rocking curve width is dominated
by the angular mosaic spread introduced by dislocations [41]. The type A and type B
dislocations will broaden the symmetric rocking curve when the azimuth is such that the
projection of the incident beam is normal to the misfit dislocation line vector but not when
these directions are parallel [40]. The individual dislocation densities on the two azimuths
can be estimated from Eq. 5.1 and 5.2.
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Figure 5.10: Gaussian fit of 004 X-ray rocking curves from a GaP/ZnS/MgS/ZnS heterostructure.
Scans along [110] (left) and [11¯0] (right) directions along with the respective calcu-
lated FWHM are given. A difference of 54 arc secs (0.118 Rad) in FWHM has been
found on rotating the sample 90o.
D[110] ≈
β 2(ψ = 0)
8pi ln(2)b2cos2γA
=
β 2(ψ = 0)
8.7b2
(5.1)
D[11¯0] ≈
β 2(ψ = 90◦)
8pi ln(2)b2cos2γB
=
β 2(ψ = 90◦)
8.7b2
(5.2)
where the zero azimuth (ψ = 0) is when the projection of the incident x-ray beam is
aligned with the [110] direction in the surface of the sample and (ψ = 90◦) is when
the projection of X-ray beam is aligned with the [11¯0] direction in the surface of the
sample. γA and γB are the angles between the Burgers vectors and the diffraction vectors
for the dislocation on the two azimuths. β is the rocking curve width, obtained from the
full width at half maximum (FWHM) and the length of the burgers vector b has been
calculated using Eq. 5.3, where a is the lattice constant of the substrate.
b = a
√
2
2
(5.3)
Origin Pro data analysis software has been used to calculate the FWHM from epilayer
peaks. A linear peak fitting function has been used to separate epilayer peaks in case both
the buffer layer and capping layer occur at the same angle and a Gaussian fit function was
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5.7 Experimental results vs. FWZ prediction
used for deriving the FWHM from individual capping layers.
Epitaxial layers thicker than 300 nm have been used for this study. Care was taken to
adjust the sample tilt to bring the diffraction vector exactly into the plane of the diffracto-
meter at each azimuth, in order to avoid any alignment errors which could account for
any observed azimuthal variation. In addition, sufficiently high dislocation densities have
been observed from the rocking curve widths that any dynamical diffraction effects may
be neglected and may be ruled out as the cause of azimuthal rocking curve variation. The
calculated dislocation densities are given in Table 5.2.
From these calculations, it is evident that the GaAs/ZnSe/MgS/ZnSe, GaP/ZnS/MgS/ZnS
and InP/ZnCdSe/MgS/ZnCdSe samples have unequal dislocation densities on the two
types of azimuths with fewer dislocations along [110] than [11¯0] direction. In all cases,
dislocations are anisotropic and presumably in at least one of the orthogonal <110> dir-
ections, relaxation is not complete. It also suggests that the mismatch dislocations in ZB
MgS are probably the same type as those in the surrounding layers, despite MgS having
very different elastic constants [2, 38, 42]. On comparison, the previously published res-
ults for epitaxial ZnSe layers on GaAs show almost identical dislocation densities to the
GaAs / ZnSe/ MgS/ ZnSe samples studied here [40].
5.7 Experimental results vs. FWZ prediction
On the energy schematic in Figure 5.2, MgS evolves from a point on the strained ZB (red,
dashed) curve to point Y before transferring subsequently to point X. This is true for all
three substrates, particularly including GaP. The lattice constant of GaP is 5.451 A˚, which
is smaller than the original value a∗ of 5.5 A˚ estimated by FWZ. The energy diagram for
the MgS ZB and RS phases has recently been recalculated [38], giving a value of aMgS
much closer to the experimental value than the one obtained by FWZ and additionally
re-evaluating a∗. The new value is a∗ ≈ 5.465 A˚, which is still larger than aGaP.
There are potentially two major sources of error in calculating a∗. The first is the residual
zinc level in the MgS, which is typically in the range 0.5-3%. At the higher levels this
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causes a significant increase in the MgS elastic constants which increases a∗ by ≈ 0.02
A˚. The second source of error is the value of EZB used. There is no experimental value
for this quantity, and both calculations (FWZ and the recent re-evaluation) [2, 38] used
a value of 170 meV per formula unit. In order to obtain a∗ < aGaP, then EZB must be
decreased by 80-100 meV, a significant reduction. It therefore appears that according
to the FWZ model growth of ZB MgS on GaP is impossible, in direct contrast to these
observations.
Growth of ZB MgS on GaAs and InP is allowed under the FWZ model, but the pathway
from strained ZB (red curve) to relaxed ZB (point Y) to relaxed RS (point X) is not.
FWZ estimated hcdrs for RS MgS was 5 A˚ when the in-plane lattice constant was equal
to the ZB MgS lattice constant. The critical thickness can be recalculated using different
versions of Matthew’s formula to allow for the anisotropy of the elastic constants [43],
but similar results are obtained.
Using Matthew’s theory to calculate the critical thickness suggests that the phase trans-
ition is initiated by or linked in some way to the formation of the first mismatch dis-
location. It is possible that instead the transformation requires a much larger minimum
dislocation density, associated with significant relaxation. An upper bound for this can
be found by determining the critical thickness for the formation of a complete dislocation
network for relaxation, but this still gives very similar thicknesses of only a few A˚. These
small values of the various critical thicknesses arise from the elastic constants of RS MgS
where c11 is large and c44 is small. Hence any strain produces a large amount of strain
energy as this depends on c11, while dislocations need little energy to form as this is a
distortion which scales with c44.
This gives confidence that the implication that relaxation in RS MgS should be much
easier than in ZB MgS is correct, even though the exact values obtained are undoubtedly
very inaccurate as the predicted values are all of similar magnitude as the Burgers vector.
There are two key points confirmed by these rough estimates. First, strained ZB MgS
should always relax to RS MgS before relaxed ZB MgS can form, and second, any layer
of ZB MgS over 5 A˚ thick is unstable with respect to the RS phase. These conclusions are
completely different to the observed behavior of MgS which indicate that the growth of
MgS in the ZB form is truly metastable, as it can be grown with a wide range of strains,
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both tensile and compressive and then relaxes through the normal misfit mechanism back
to its unstrained ZB lattice constant. Under ideal conditions it can grow very thick relaxed
layers, and as shown in Chapter 4, thicknesses of up to 200nm are possible. To date, the
thickest ZB layers deposited on GaAs and the majority of this growth were completely
relaxed.
One final point is that, in the case of ZnSe epitaxy on GaAs, there has been much effort
by many groups over a long period of time to ensure the lowest possible dislocation dens-
ity. One possibility, (although unlikely) is that with GaAs/ZnSe(50 nm) buffer layers the
threading dislocation density from the substrate is so low that the MgS layer is unable
to relax and growth remains pseudomorphic. In this case relaxation will only occur after
growth of the MgS layer due to the introduction of dislocations from the relaxed capping
layer. To test this idea the dislocation density in the MgS can be increased substantially
by growing a relaxed 300 nm ZnSe buffer layer. Comparison of MgS layers deposited
on 50 nm thick strained layers and 300 nm thick relaxed layers with different dislocation
densities shows no change in RHEED or X-ray diffraction peaks indicating that threading
dislocation densities are not important.
5.8 Summary
The growth of ZB MgS layers on GaP, GaAs and InP substrates under both tensile and
compressive strain has been successfully demonstrated. Both RHEED and X-ray diffrac-
tion measurements indicate that the ZB phase can be grown in layers up to 40 nm thick
on all substrates. Conversion of the ZB phase to RS MgS occurs only after the ZB phase
has relaxed. Theoretical predictions suggest that growth should not produce the relaxed
ZB phase and that stable growth on GaP substrates is highly unlikely. The results suggest
that epitaxial strain is unlikely to be important in stabilizing the ZB phase and that the
growth is truly metastable. Upto 40 nm thick ZB MgS has been grown on GaP substrates
without using a smoothing layer.
Thicker capping layers grown on top of the MgS layers have been used to study dislo-
cation density asymmetries. These dislocations exist on two types of slip systems with
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their misfit dislocation line segments oriented along either a [110] or a [11¯0] direction. A
difference in the densities of dislocations on these two systems produces an observable
azimuthal variation in rocking curve width for symmetric x-ray reflections.
5.9 Future Work
Although the quantitative analysis is approximate, these dislocations density calculations
have good relative accuracy. The difference in the dislocation densities calculated from
different azimuths may be due to the difference in the mobilities for α and β dislocations
in the zinc blende lattice, but further research is necessary to clarify this. TEM can be
used to study the higher dislocation density in detail.
Although up to 40nm of ZB MgS has been grown on GaP substrates, no attempts were
made to improve the maximum thickness possible using a smoothing layer, which was
successful on GaAs substrates. Previously, it has been shown that on a GaAs substrate,
by replacing the ZnSe buffer layer with a ZnSe/MgS/ZnSe smoothing layer, the possible
ZB MgS thickness can be significantly improved [34]. One possible structure is GaP/ ZnS
(a quick low temperature buffer followed by a thin, 20-30 nm buffer layer)/ MgS(10 nm)/
ZnS (20-30 nm)/ MgS (thicker layer).
No attempts were made to grow ZB MgS thicker than 12 nm on InP substrates. A smooth-
ing layer similar to the one mentioned above can be tried for growing thicker layers.
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Chapter 6
Epitaxial lift-off of II-VI heterostructures from III-V
substrates
6.1 Introduction
The integration of different semiconductor materials on a single substrate has been an
important research area for many years. Successful MBE fabrication of these hetero-
structures requires the growth of semiconductor layers with excellent crystal quality on
single crystal substrates. Unfortunately, limitations in this technique are encountered due
to lattice mismatch of the different materials used, resulting in the introduction of large
dislocation densities, which results in degradation of device quality. The limited availab-
ility of the range of substrates is one of the main challenges in semiconductor growth. The
lattice parameter of a substrate is the most important factor in determining the suitability
for epitaxial growth.
The main limitation in the II-VI semiconductor material development is the need to grow
II-VI materials on III-V substrates [1] such as GaAs, GaP, InP, etc as these are readily
available, of high quality and cheaper than any II-VI substrates. However, most of these
II-VI semiconductors, with the exception of some tellurides, have relatively large band
gaps. This means any light emitted by the II-VI epilayers incident on the III-V substrates
will be absorbed and transmission measurements of bandgaps are not possible. This is a
serious issue at times and it would be very beneficial to be able to remove the epitaxial
layer after growth.
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Additionally, normally the most expensive item in epitaxial growth is the substrate and
Epitaxial Lift-off (ELO) offers possibilities for reusing substrates. In certain technologies,
i.e. solar cells, a single crystal substrate is simply too expensive and it is currently seen as
a critical issue in increasing device usage. Similarly, the mechanical or thermal properties
of a substrate may also inhibit efficient post growth device performance, for example in a
device which experiences a large heat load during operation. The thermal conductivity of
the substrate may be too low in this case and depositing the epilayers on another suitable
substrate would be highly advantageous.
ELO is a technique that introduces flexibility to the fabrication and integration of semi-
conductor devices. It is a post growth process, first reported in 1978 [2], which enables
the active part of a semiconductor heterostructure to be etched from its original substrate
and deposited onto a new substrate.
6.1.1 ELO alternatives
The term epitaxial lift-off is widely used in literature to describe the process that etches
away a release layer grown into a structure, such as AlAs or here, MgS. However there
are other techniques to separate epitaxial layers from their substrates.
Chemically and mechanically etching away the whole substrate is one option. This
method has been developed for a number of materials systems, but has disadvantages
including, the substrates cannot be re-used and the etching will often damage the epilay-
ers [3–5].
Thermal lift-off is a process where the substrate is chosen to have a very different thermal
expansion coefficient with respect to the epilayers. When cooling, the differential contrac-
tion induces a large stress field which is released by the initiation and the propagation of
a crack parallel to the surface and thus results in delamination [6]. Although this method
has an advantage that it does not require any post growth processing, it however require
patterning of the substrate before growth to control or assist the delamination process and
typically causes damage to the epitaxial layers.
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Laser lift-off (LLO) is another successfully developed technique in which the thin epi-
taxial layers are etched using pulsed-excimer laser processing [7–9]. Here the entire
structure is exposed to short, high intensity pulses of laser light that are preferentially
absorbed by either the epilayers or substrate resulting a small volume to decompose. This
method allows layers to be etched faster, but is likely to induce damage.
6.2 Epitaxial Lift-off (ELO): An overview
ELO has been initially performed with III-V materials by exploiting the huge contrast in
the etch rates of GaAs and AlxGa1−xAs in HF [2, 10]. For values of x≥0.5, the etch rate of
the Al-containing alloy is many orders of magnitude faster than that of GaAs and so ELO
can be achieved in these materials by growing a thin release layer of AlAs between the
substrate and the active layer. After growth, the wafer is etched in HF, which selectively
etches through the AlAs but has negligible effect on GaAs, InGaAs and low Al-content
AlGaAs alloys.
In addition to the importance of the etch selectivity, another crucial factor is to stress the
epitaxial layer thus causing it to bow up slightly maintaining an open channel for the
etch to proceed [10]. Although the stress can be applied by several methods, the simplest
method is achieved by applying a layer of black Apiezon W wax to the top of the structure,
which also helps support it after the etch. The wax, when cooled to room temperature, is
under tension and the substrate under compression, so, as the release layer is etched away,
the thin film curls up slightly, thus aiding the lift-off process.
The use of a release layer for separating an epilayers from its substrate was first demon-
strated by Konagai et al. [2]. They successfully showed the lift-off of a 30 µm thick GaAs
layer using a 5 µm thick Al0.7Ga0.3As release layer by exploiting the difference in etch
speeds of AlAs and GaAs in HF. A metal layer had been evaporated onto the surface to
support the epitaxial layers and then coated with Apiezon W wax to protect it. Epilayer
pieces up to a few millimetres wide were found to be etching, but larger pieces did not
etch. This was explained by the etchant and reaction products no longer being efficiently
exchanged through the narrow etch channel.
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Further modifications including the annealing of Apiezon wax to form a domed shape,
straining the epilayers underneath have significantly improved the etch rate as well the
maximum etchable area [10]. Subsequent works examined the handling and van der Waals
bonding of the lifted layers, which helps lifted epilayers to be attached to a new substrate
without an adhesive [11, 12].
ELO technology has already been applied successfully to transfer various III-V semicon-
ductor devices from one substrate to another. For instance: GaAs light emitting diodes
(LED) [13], GaAs/AlGaAs laser diodes [14, 15], GaAs metal-semiconductor field-effect
transistors (MESFETs) [16], strained single quantum well in InGaAs/GaAs high electron
mobility transistors (HEMTs) [17], InGaAs/InP p-i-n photodetectors [18], rib waveguides
[19] and solar cells [20] have all been transferred on to a variety of foreign substrates in-
cluding silicon, sapphire and glass.
Subsequently, several attempts have been made to speed up the lift-off process and to
make it compatible with industrial scale semiconductor processing so that ELO also be-
comes a commercially viable technology [21, 22]. Furthermore attempts have been made
to develop techniques to strain the epilayers without cracking them to allow larger areas
to be lifted. This resulted in the demonstration of many modifications including, weight
induced epitaxial lift-off process (WI-ELO) [23] and the use of a flexible plastic carrier
to aid the lift-off of a whole 2" wafer [24]. These are discussed in detail in Chapter 7.
Special care has to be given while handling lifted epilayers as, using strain to increase
the liftable area and etch rate, has however been shown to induce cleavage cracks in
some cases [25]. In electrical devices, these cracks could break a circuit, increasing its
resistance. Later it has been reported that after ELO, the epilayers have little mechanical
strength and as a result strains as low as 0.1% can introduce cracks. A switch from using
Apiezon wax to a very thin (<1µm thick) photo-resist layers for support has proved to be
advantageous in producing crack-free films. Such a thin layer can tolerate much smaller
stresses, meaning there is less stretching of the lifted-off film [26].
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6.3 Epitaxial Lift-off: II-VI materials
Despite the success of ELO method when applied to III-Vs, it initially required both III-V
and II-VI MBE when applied to II-VI semiconductors [27], due to the unavailability of
a suitable sacrificial material. Although it was possible to grow II-VI layers on a wafer
with an AlAs layer to use with the III-V ELO method, this is very inconvenient as it not
only increases the thickness of the epilayers which can be lifted off but it also requires
both III-V and II-VI growth chambers.
The Heriot-Watt MBE group pioneered II-VI ELO by substituting AlAs with highly re-
active MgS as the sacrificial layer. It was discovered that a thin layer of MgS in a ZnSe
based heterostructure acts in an analogous way to AlAs in a GaAs based heterostructure.
By exploiting the pronounced difference in chemical properties between MgS and ZnSe
in 30% HCl solution, successful ELO has been demonstrated. The etch rate of MgS layer
has been found to be ∼ 108 times larger than the etch rate of a ZnSe layer [28].
6.3.1 Release layer thickness
From previous experimental work, the minimum MgS release layer thickness necessary
for lift-off was found to be ∼ 3nm [29]. This minimum thickness arises from the van der
Waals interaction between two adjacent unetched layers. This force is very short ranged,
typically just a few nanometres, varying with the layer separation cubed. Here, the layer
separation is simply the thickness of the MgS release layer.
By considering the van der Waals potentials calculated for GaAs and silicon, the amount
of force resulting from the van der Waals interaction can be estimated [30]. These show a
force per unit area equivalent to a pressure >18 atm when the layers are separated by 2nm,
decreasing to ∼5 atm. at 3nm. Although the total force acting to separate the epilayers
from the substrate is unknown, the wax coating produces an upward pressure of the order
of 10s of atmospheres arising from its surface tension (0.065±0.003Nm−1). This explains
that for any thickness below 3nm, the Van der Waals force will match or overcome the
upward force of the wax and thus stop the epilayers from lifting.
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Figure 6.1: Photographic representation of various stages involved in Apiezon wax based ELO;
(a) cleaved sample, (b) wax applied on the surface, (c) immersing in HCl etch solution,
(d) ELO in progress, (e) separated epilayer deposited on glass substrate and (f) wax
removed from the epilayer using 1-bromopropane.
6.4 Epitaxial Lift-off: MgS based method
The MgS based II-VI epitaxial lift-off involves several stages, shown pictorially in Figure
6.1.
1. Cleaving: Samples are first cleaved into pieces typically ∼ 3×3mm2 in size from
the wafer material, taking considerable care to get perfect cleaves. Further into
this project, the size of a cleaved sample has been scaled up to ∼ 10× 10mm2 for
successful lift-off.
2. Applying wax: The cleaved sample is then heated to ∼ 125oC and small pieces of
wax placed on the sample surface. At this temperature, the wax melts and forms a
smooth dome.
3. Chemical etch: The wax coated sample is placed face up in a solution of 30% HCl
at room temperature. The etch rate primarily depends on the thickness of the MgS
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Figure 6.2: (a) 50× and (b) 200× UVM images showing the crack formations on the surface of a
lifted epitaxial layer, resulting from applying excessive pressure during depositing on
a glass substrate.
layer, dimensions of the sample, and in certain cases, the MgS/epilayer interface.
Cleave edges accidently coated with wax will prevent etching from that side and
ultimately slow down the process. The estimated etch rate of MgS release layer is
∼ 3mm/h. After etching the waxed epilayer separates from the substrate and floats
to the surface of the solution.
4. Deposition: The lifted epilayer is then carefully removed from the etch solution
and rinsed in deionised water prior to depositing on to a new substrate while under
water. The sample is then partially dried by removing from the water and applying
a small pressure on top. No glue is used in the deposition as the van der Waals force
is strong enough to form a bond between the epilayer and new substrate. Typically
a pressure of ∼ 500Nm−2 is applied on top of the sample to initiate the bonding as
well as to drain any water trapped in between the epilayer and substrate. However
samples have also been bonded without any force being applied.
5. Wax removal: After overnight drying, the wax is removed by dissolving it in 1-
Bromopropane solution. The wax will completely dissolve in less than a minute.
The sample is then cleaned in acetone or IPA and water.
While depositing onto a new substrate, considerable care should be given as the epilayer/wax
structure is very fragile and easily damaged if handled roughly. This is very important
when the pressure is being applied, as too much pressure is found to crack the samples.
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Figure 6.3: UVM images showing the effect of dust particles present on the glass substrate, on
deposited epilayer.
Figure 6.2 shows cracks formed on a lifted ZnSe epilayer primarily due to the excessive
force applied during deposition.
The presence of dust particles in between the epilayer and the new substrate can cause
cracks, and also leaves an area of epilayer not bonded to the substrate. Even though the
surface of the glass substrates used here are optically flat (surface roughness less than a
quarter wavelength at 633 nm), the lifted off layers are not completely crack free. The
quality of the samples can be improved by carrying out the ELO in a clean room (HW
ELO lab does not have a filtered air supply).
After cleaving larger glass substrates into smaller pieces using a diamond scribe for suit-
able handling before depositing the lifted layer, microscopic glass particles are often
found to be sticking to the substrate surface, even after the deposition stage, which occurs
underwater (See Figure 6.3). Carefully rinsing the substrate pieces thoroughly prior to the
deposition has been found to completely eliminate any contamination from the surface.
6.4.1 MgS chemical etch mechanism
The etch solution used for all the liftoff detailed in this thesis is 30% (∼12 mol) HCl.
MgS reacts with HCl to form Mg2+ and Cl− ions along with hydrogen sulphide. The
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reaction is given in Equation 6.1.
MgS+2HCl⇒Mg2++2Cl−+2H2S (6.1)
Both the Mg2+ and Cl− ions formed are highly soluble in water up to high concentrations.
However H2S has a limited diffusion rate and could form bubbles if the concentration
exceeds its solubility limit. This could in turn effect the etch reaction by blocking the
exchange of the reactants and fresh H+ ions. Nevertheless this was at this stage thought
very unlikely as the amount of H2S produced is negligible being only ∼ 15×10−6 moles
for a 5 mm2 MgS layer of 5 nm thick. This point is returned to in Chapter 7.
6.5 Growth of MgS based liftoff structures
The successful growth of heterostructures containing ZB MgS on three different III-V
substrates: GaP, GaAs and InP [31] is detailed in Chapter 5. In the following sections,
the use of ZB MgS as a sacrificial layer in ELO for II-VI heterostructures deposited on all
three substrates is examined in detail. This is the first time that ELO has been successfully
performed using the same sacrificial layer over a range of different substrates.
All three substrates were chemically cleaned using the methods detailed in Section 5.4 and
were grown by MBE on GaP, GaAs and InP substrates using the procedures given pre-
viously in Chapter 5 [31]. A sample with the structure: GaAs/ ZnSe(50nm)/ MgS(7nm)/
ZnSe(300nm) was grown first, as successful ELO has been performed on similar struc-
tures earlier [32]. In this structure ZB MgS is lattice matched to both GaAs and ZnSe and
this structure was taken as a reference to compare the ELO from other substrates.
On GaP and InP substrates two different sets of samples were grown. In the first set
the II-VI layers, apart from the MgS were lattice matched to the III-V substrates. In
the second set the epitaxial layers to be lifted were all ZnSe, which is lattice matched
to ZB MgS and GaAs but not to the other substrates. The two sets of samples depos-
ited on GaP had structures: GaP/ ZnS(40nm)/ MgS(7nm)/ X, where X is either a ZnS
(200nm) or ZnSe (300nm) layer. Similarly, the samples grown on InP had structures InP/
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Figure 6.4: 004 XRD rocking curves from (a) ZnSe/MgS/ZnSe, (b) ZnS/MgS/ZnS and (c)
ZnCdSe/MgS/ZnCdSe epitaxial layers on GaAs, GaP and InP substrates respectively
(substrate peaks are superimposed).
Zn0.6Cd0.4Se(60nm)/ MgS(7nm)/ X, where X is either Zn0.6Cd0.4Se (300nm) or ZnSe
(300nm). On these two substrates some relaxation of the MgS layers will occur dur-
ing growth, meaning that in both the GaP/ZnS/MgS/ZnS and InP/ZnCdSe/MgS/ZnCdSe
structures the strain states of the top and bottom layers will not be identical.
6.6 X-Ray Diffraction of structures before ELO
Before ELO, symmetric 004 double crystal XRD rocking curves were obtained from all
structures grown and are shown in Figure 6.4 and Figure 6.5 for the first and second sets of
samples respectively. In each figure, the positions of all substrate peaks are superimposed
and centred at the origin. The curves show peaks from only the thicker buffer and top lay-
ers, as the central MgS layer is too thin to show a resolvable peak. In these structures, the
strain between the substrate and epitaxial layers results in some relaxation. This is most
obvious in the GaP/ZnS/MgS/ZnS structure, where the different strains in top and bottom
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Figure 6.5: 004 XRD rocking curves from (a) ZnSe/MgS/ZnSe, (b) ZnS/MgS/ZnSe and (c)
ZnCdSe/MgS/ZnSe epitaxial layers on GaAs, GaP and InP substrates respectively
(substrate peaks are superimposed).
layers produce two clearly resolvable peaks. In the InP/ZnCdSe/MgS/ZnCdSe structure
there is only one overall peak but it is asymmetric and resolvable into two Gaussian com-
ponents.
The peaks attributable to the ZnSe layers in set 2 have been identified and from them the
residual strain and layer relaxation are calculated. In these structures the residual strains
are small and are comparable in magnitude to the thermal strains introduced on cooling the
samples. Removing these thermal expansion induced strains allows the strains and sample
relaxation at the growth temperature to be calculated. Although small, the thermal strain
is large enough to change the residual strain in the layer grown on GaP from compressive
to tensile (Table 6.1).
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GaP GaAs InP
asub (nm) 0.5451 0.5653 0.586
Lattice mismatch to ZnSe -3.8% -0.3% 3.4%
X-ray measured values
Strain at 300K 0.1% -0.2% 0.1%
Calculated strain at growth temperature 0.0% -0.2% 0.1%
Table 6.1: Lattice constants of the three substrates and lattice mismatch of ZnSe layers, together
with the minimum plane strain measured by X-ray diffraction at 300K and the calcu-
lated strain at the growth temperature.
6.7 Epitaxial Lift-off on GaP, GaAs and InP substrates based
structures
Lift-off was performed on samples, ∼ 4×4 mm2 cleaved from the wafer material, taking
considerable care to get perfect cleaves. A detailed explanation on the whole ELO process
is given in section 6.4.
Previously, the maximum etch rate of the MgS release layer from a GaAs/ ZnSe/ MgS/
ZnSe sample was found to be about 3 mm/hr [33], which is approximately thirty times
faster than the etch rate of AlAs release layers in GaAs based lift-off [10] and typically
ZnSe/MgS/ZnSe samples are released from the buffer layer within about 30 min. How-
ever samples grown on InP etched much faster, with InP/ ZnCdSe(60nm)/ MgS(7nm)/
ZnCdSe(300nm) sample etching in only 2 mins, while the corresponding sample in the
second set with a ZnSe capping layer etched in 4 mins.
In contrast to the GaAs and InP substrates based structures, layers grown on GaP sub-
strates etched very slowly, taking about 24 hours to lift the ZnSe epilayer from GaP/ ZnS/
MgS(7nm)/ ZnSe structure. However, the set 1 samples, with a thick ZnS capping layer
did not etch even after 48 hours.
A possible cause of the slow and inconsistent etch rate in structures grown on GaP
could be the growth of an etch resistant ZnMgS alloy containing a high mole fraction
of zinc [33]. This could be produced by the temperature changes during the growth of the
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MgS/ZnS heterostructure, as ZnS was grown at 170oC and MgS at 250oC. Based on the
estimation there is potentially a ∼ 4-8 oC temperature error if insufficient time is allowed
for the substrate to equilibrate, but during these growths care was taken to ensure stable
substrate temperatures by monitoring using both the sample manipulator thermocouple
and IR pyrometers. The ZnS compound source which supplies the sulfur introduces a
residual zinc incorporation in the MgS layers of ∼ 0.5-3% [34] in the normal growth
temperature range of 240-270oC, which increases at lower temperatures [35]. However
changes introduced by the largest conceivable temperature offset are unlikely to increase
the zinc concentration to the critical 20-25% mole fraction which is arguably high enough
to prevent etching [33].
Problems with temperature stability during growth are unlikely to be the origin of the low
etch rate in the layers grown on GaP, and in addition can not explain the significantly
increased etch rate in layers deposited on InP. The model of ELO etching proposed by
Yablonovich [10], suggests that the maximum possible etch rate should be limited by the
solubility of the gaseous reaction product. A comparison of the solubilities of hydrogen
(produced during the etching of AlAs) and hydrogen sulphide (in the present case), gives
an estimate of the maximum etch rate for MgS as ∼300 times higher than for AlAs lay-
ers of comparable thickness [33]. This is approximately the rate observed in the fastest
etching structures which are grown on InP.
In II-VI structures grown on GaAs, the etch rate is almost zero for d < 3 nm, thought to be
due to the strong dispersion forces holding the layers on either side of the MgS together
which prevents the free transport of reagents and products, thereby stopping etching [33]
(see Section 6.3.1). In the present set of samples all MgS layers had the same nominal
thickness, but this will be reduced by any interdiffusion. In the case of ZnSe/MgS struc-
tures, previous X-ray interference studies have shown that a limited amount of intermixing
does occur, with ZnMgSSe layers a few monolayers thick forming at each interface [34]
[36]. The ZnMgSSe phase diagram is known to have a moderate region of imiscibility
[37], and the observed degree of intermixing of ZnSe/MgS is in line with this. Signific-
antly, there is no miscibility gap in the ternary ZnMgS system and in this case much larger
interdiffusion would be expected leading to a substantially smaller d. Previous observa-
tions of MgS/ZnS intermixing in double crystal X-ray spectra from thin ZnS/MgS/ZnS
heterostructures were reported [31].
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A full calculated phase diagram for CdMgSSe has not been published, but using the same
model as used previously for ZnMgSSe [37] it is found that the region of miscibility is
drastically reduced to the percent level. Consequently, intermixing will not occur, giving
sharp boundaries between layers and a larger d. For the three substrates for the same
nominal thickness of MgS, the actual layer thicknesses are dGaP < dGaAs < dInP which
gives etch rates in the correct order for d < 10 nm.
To confirm this, a new set of samples were grown on GaP with a nominal d = 15 nm using
identical growth conditions and ELO procedure as before. This time the ZnS/MgS/ZnSe
sample was lifted in ∼ 1 hour. However the ZnS/MgS/ZnS sample still did not lift even
after 24 hours in the etch solution. However, surprisingly the wax layer was found to
be separated from the sample and floating. No signs of epitaxial layer was found on the
wax layer. This strange behaviour was never observed previously here or reported else
where.
Further investigation into the chemical reactions between ZnS and HCl revealed that ZnS
dissolves in HCl slowly, releasing H2S. The chemical reaction is given below (Equation
6.2).
ZnS(s)+2HCl(aq)⇒ ZnCl2(aq)+2H2S(g) (6.2)
This reaction uses HCl and competes with the MgS etching and although slower than the
reaction between MgS and HCl, completely etches away the ZnS layer in most cases,
eventually separating a plain wax layer. This finding made it necessary to investigate the
use of another etch solution (initial attempts using two new etch solutions are detailed
in future works section). Although the ZnS lifting has failed, it is important to note that
the ZnSe cap layer lifted easily, confirming the idea of enhanced intermixing in ZnS/MgS
barrier in the first batch of samples grown with a thinner MgS release layer.
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Figure 6.6: Absorption spectra of ZnSe epitaxial layers lifted-off from GaP (red), GaAs (black)
and InP (blue). Band edge is marked by green dotted line.
6.8 Optical analysis of the structures
After ELO, the released layers were placed on glass substrates and bonded by apply-
ing light pressure. Images taken using an optical microscope at 1000× magnification
(280× 210µm2 area) show that, under ideal lift-off conditions, the surface of the lifted
material after deposition on glass is virtually identical to the material prior to the lift-off.
Although only 200-300 nm thick, the epitaxial layers were crack-free over square mil-
limeter areas. Any defects are mostly related to the presence of small dust particles at
the glass/semiconductor interface, as this work was carried out in a laboratory with an
unfiltered air supply.
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Figure 6.7: Comparison of absorption spectra of ZnSe and ZnCdSe epitaxial layers after ELO
and transfer to glass substrates. Band edge is marked by green dotted line.
6.8.1 Analysis of absorption spectra
Absorption spectra were obtained using a vertical-VASE ellipsometer system covering
the spectral range of 190-1700 nm. Figure 6.6 shows the absorption spectra from the
three ZnSe layers after ELO which were grown on GaAs, GaP and InP substrates. These
spectra all exhibit a sharp increase in absorption at the band edge, which confirms that
the lifted layers have remained crystalline, with well resolved fringes below the bandgap
showing that the layers are optically flat. A ZnSe band gap of approximately 2.7 eV is
obtained from all the three ZnSe layer spectra.
Similarly Figure 6.7 shows a comparison of absorption spectra from a ZnSe layer lifted
from GaAs and a ZnCdSe layer lifted from InP substrate and transferred to glass. Band
gaps of 2.4 eV and 2.7 eV were obtained from ZnCdSe and ZnSe epilayers respectively
and again the crystalline nature of the films is preserved after ELO.
167
6.8 Optical analysis of the structures
2 . 0 2 . 1 2 . 2 2 . 3 2 . 4 2 . 5 2 . 6 2 . 7 2 . 8 2 . 9
Pho
tolu
min
esc
enc
e in
ten
sity
 (ar
b. u
nits
)
 b e f o r e  l i f t - o f f a f t e r  l i f t - o f f
 
E n e r g y  ( e V )
Z n S e
Y - l i n e
S  b a n d
 
 
Figure 6.8: Photoluminescence at 77K from a GaP/ZnS/MgS/ZnSe heterostructure before ELO
and from the top ZnSe layer after ELO and deposition on glass. The intensities of the
ZnSe peaks have been normalized for comparison.
6.8.2 Analysis of PL spectra
77K PL Spectra from ZnSe epilayers grown on GaP before ELO and from the ZnSe
layer after ELO and transfer to a glass substrate are compared in Figure 6.8. In the
ZnS/MgS/ZnSe heterostructure before ELO, only the top ZnSe layer has a bandgap smal-
ler than the irradiating photon energy and the observable features in the spectrum corres-
pond to those previously found in epitaxial ZnSe layers deposited on GaAs substrates.
These features include the broad peak around 2.2-2.3 eV, denoted the S band, previously
assigned to either impurity or defect related luminescence [38]. There is also the more
intense, sharper Y-line at 2.6 eV together with its LO phonon replicas arising from misfit
dislocations [39]. The prominent peak observed before ELO at ∼ 2.75 eV arises from
near band edge emission from the ZnSe epilayers. In the sample shown the Y line is more
intense than the near band edge emission, suggesting the structure has a high density of
misfit dislocations, as confirmed by almost complete relaxation found by the X-ray double
crystal measurements given in Table 6.3.
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GaP GaAs InP
PL from epitaxial layer
ZnSe peak sposition (eV) 2.7879 2.7889 2.7795
FWHM (meV) 15.31 18.56 16.47
Strain (PL) at 77K -1.0x10−2 -1.1x10−2 -1.6x10−3
Calculated strain at growth temperature -1.3x10−3 -1.7x10−3 1.4x10−5
+/- strain 1.6x10−2 1.9x10−2 1.7x10−2
PL from lifted layer
ZnSe peak sposition (eV) 2.7428 2.7496 2.7668
FWHM (meV) 36.19 33.36 22.6
Strain (PL) at 77K 5.7x10−3 4.6x10−3 1.8x10−3
+/- strain 5.8x10−3 5.4x10−3 3.6x10−3
Table 6.2: Table of PL peak positions, and FWHM for ZnSe layers before and after ELO. Strains
are given both at room temperature and at the growth temperature for the layer before
ELO. PL transitions are assigned to light holes for tensile (positive) strains and heavy
holes for compressive (negative) strains.
After ELO, the spectrum from the ZnSe layer is very different with a noticeable shift in the
energy of the near band edge emission of approximately ∼ 50 meV that is clearly visible
in Figure 6.8. In this figure the two peaks have been normalised to the same intensity.
It is difficult to compare the absolute emission intensities before and after ELO as slight
differences in focusing and the different reflectivities of glass and semiconductor substrate
change the detected signal. A comparison of the signal strengths from lifted and unlifted
layers shows that the excitonic region peaks were weaker in the lifted layer, typically by
an order of magnitude but occasionally by only 50%. There are various obvious causes
for the reduction in signal strength. One is that unlike the as-grown layer, the lifted layer
has two free surfaces at which surface recombination can occur. There are also likely
two large depletion regions in the lifted layer. In undoped samples these could easily
reach over 50% of the sample volume meaning that the volume of the emitting region is
substantially reduced.
It is also noticeable that the other spectral features have almost disappeared from the lifted
layer. The Y line arises from the large density of mismatch dislocations in the sample.
If the dislocations were not located within the ZnSe layer, but immediately below it,
either in the thin MgS or the ZnS layer, then after ELO they would be removed from the
169
6.8 Optical analysis of the structures
GaP GaAs InP
Relaxation (X-ray, unlifted layer) 99% 30% 98%
Relaxation (PL, unlifted layer) 97% 37% 100%
Relaxation (PL, lifted layer) 115% 273% 95%
Table 6.3: Relaxations in the ZnSe epitaxial layers determined from the strains and mismatches
given in Table 6.1 and 6.2.
sample. However, both these layers have smaller strain thickness products than the ZnSe
and it is more likely that the dislocations are located in the ZnSe layer. An alternative
explanation is that the mismatch dislocations are present in the lifted layer but are no
longer optically active. In the original structure the lower surface of the ZnSe originally
formed a heterojunction with MgS. After ELO it is effectively a free surface complete with
a depletion region where any optical signature from the mismatch dislocations would be
significantly reduced.
The resolution of the PL system is such that an exact assignment for the peaks can not be
given. However the samples are doped and in the Heriot-Watt system these are dominated
by free carrier transitions rather than donor bound transitions. Nevertheless, the overall
peak envelope could contain contributions from more than one peak. It is noticeable that
the individual peaks occur at different energies in different layers and that these peaks
shift after ELO. As the relative contribution of free carrier and donor bound peaks within
the low resolution peak envelope is not changed, any shift must be due to a change in
strain. If there are more than one peak present they will all shift together with lattice
change in relative position.
The positions of the main PL peaks for the ZnSe layers both before and after ELO are
given in Table 6.2 together with their FWHM. All the PL peaks are very broad, with
FWHM between 15-18 meV for the as grown samples, increasing to 22-35 meV after
ELO. Table 6.2 gives the strain distributions for samples before and after ELO which
were calculated assuming tetragonal strain within the layer. In the case of samples before
ELO the strain can be recalculated to allow for the strain introduced on cooling to 77K by
the difference in thermal expansion coefficients of ZnSe and the III-V substrates. The PL
strains given in Table 6.2 are in reasonable agreement with the strains determined from
X-ray diffraction given in Table 6.1. This can be seen by comparing the relaxations in the
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Figure 6.9: Photoluminescence at 77K from ZnSe epitaxial layers grown on (a) GaP, (b) GaAs
and (c) InP substrates, both before (black) and after ELO and transferring to a glass
substrate (red). The spectra were normalized in intensity for comparison.
layers determined from the strains measured by X-ray diffraction and PL which are given
in Table 6.3.
After ELO, in addition to being significantly broadened, the peaks from all layers are
shifted to lower emission energies (see Figure 6.9 and Figure 6.10). The shift arises from
small tensile strains in the lifted layers. The change in strain state from compressive to
tensile is accompanied by a change in the lowest energy transition from e-hh (compressive
strain) to e-lh (tensile strain). The rate of change of PL emission energy as a function of
strain is very different for these two transitions, and is much larger for tensile strain.
Thus the observed increase in FWHM of the PL peaks after ELO is not associated with a
significant change in the strain distribution.
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Figure 6.10: Schematic showing the shift of epilayer peak emission energy before (green solid)
and after (green dotted) the lift-off, obtained from photoluminescence at 77K from
ZnSe epitaxial layers grown on GaP, GaAs and InP substrates. The violet dotted line
separates compressive (above the line) and tensile (below the line) strain areas.
One possible origin of the tensile strain might be the difference in thermal expansion coef-
ficients of ZnSe and glass substrates used. However previous work on ZnMgSSe/ZnSe
ELO structures which were also transferred to glass did not observe a PL peak shift which
could be attributed to the glass [40] which was thought due to the weak adhesion between
the semiconductor and the new substrate. It is also significant that the PL peak positions,
and hence average strains are different in samples grown on different substrates. This
means that after ELO the three ZnSe layers which are of identical thickness and were
grown under identical conditions have different strain states.
The ZnSe samples are clearly not identical, and the differences arise from the types of
dislocation they contain and their distribution within the samples. It should be emphasized
that these layer thicknesses were chosen to optimize the X-ray signal strength and the
relaxation observed is an inevitable consequence of that choice. The samples grown on
GaAs are only partially relaxed, and the dislocation distribution in the ZnSe epilayers is
higher at the ZnSe/GaAs interface [41] [42]. This means that before ELO the upper part
of the ZnSe layer is still compressively strained. After removing the substrate, the layer
172
6.9 Summary
lowers its total strain energy by reducing the compressive strain in the top of the layer
while placing the lower part of the layer in tension. This balancing of the strain states in
unrelaxed multilayers with much smaller compressive and tensile strains has previously
been seen in ELO samples grown on GaAs substrates [40]. For the samples used in the
present study the average residual strain in the ZnSe layer after ELO is now tensile. This is
shown by the calculated sample relaxations given in Table 6.3 being greater than 100%.
In contrast, the samples grown on GaP and InP substrates relaxed almost completely
during growth, but from initial compressive and tensile strain states respectively. There
will, however, still be small residual strains due to work hardening. As the relaxation
mechanisms for tensile and compressive strains in III-V semiconductors utilise different
dislocation types [43] [44], after relaxation the samples presumably contain completely
different populations of dislocations and residual strain states. In all three cases it should
be noted that the average strain is small and the range of strains is large enough that the
unstrained state occurs within the distribution.
6.9 Summary
The use of thin ZB MgS epilayers as an effective sacrificial layer for epitaxial lift-off
for layers deposited on GaP, GaAs and InP is studied and successfully demonstrated.
Different II-VI semiconductors either lattice matched to the substrates or the ZB MgS
were successfully lifted-off all three substrates. For layers deposited on GaAs and InP
substrates ELO can be performed in a few hours with high yield on large areas of material
using ZB MgS layers only 7 nm thick. In the case of GaP substrates a fast reproducible
process is obtained by increasing the MgS layer thickness to 15 nm. However the attempts
to lift-off ZnS layers have failed as it dissolves in HCl, the etch solution used here.
The lifted epilayers have been structurally and optically characterized and no damage has
been introduced to the lifted layer by the ELO process. Changes in the PL peak positions
are observed which are due to small changes in the strain state of the samples after ELO.
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6.10 Future Work
Although ELO has been successfully demonstrated on three different substrates, the inab-
ility to lift-off ZnS epilayers shows the need to develop an alternate etch solution. During
the final stages of this work, attempts were made to test two different etch solutions, citric
acid (C6H8O7) and NaOH. A test sample with the structure, GaAs/MgS/ZnSe was suc-
cessfully lifted off on both the above mentioned etches and this further shows that any
weak acid or alkali can be used for etching away the MgS release layer. 99% and 40% of
aqueous citric acid solutions have proved equally effective in this case. However, due to
time constraints none of these etches were attempted on ZnS containing structures.
High resolution PL is necessary for a detailed study of the lifted epilayers mentioned here
as the present PL setup at Heriot-Watt is not adequate. The samples used in this study
were designed to be thick enough that good signals could be clearly distinguished in XRD.
However this meant that the layers were either partially or nearly completely relaxed, as
indicated in Table 6.3, and the measurements were made with a low resolution system with
an estimated peak FWHM of 6meV. Growing quantum well structures between ZnMgSSe
barriers will provide more information about the lifted layers as in this case the quaternary
alloy is resistant to the etch solution.
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Chapter 7
Epitaxial Lift-off and Surface passivation; A new
perspective
7.1 Introduction
In this chapter, two of the important processing techniques in II-VI MBE growth, namely
Epitaxial Lift-off (ELO) and sample passivation are examined and modifications to the
procedures currently used are explained in order to eliminate the various limitations asso-
ciated with the existing methods.
Although ELO has been well demonstrated as a successful technique, the existing tech-
nology has several limitations. A simple and effective modification to the existing ELO
process is detailed in this chapter. A new method for passivating sample surfaces over
very long period under atmospheric exposure is explained in the next section.
7.2 Limitations of existing II-VI ELO technique
A detailed description on the existing ELO technology is given in Chapter 6. Although
ELO is a widely used method for separating epilayers from substrates, it has several disad-
vantages which seriously compromise the quality of both the lifted layer and substrate.
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7.2.1 Application of wax cap
The existing ELO technique involves applying a layer of Apiezon wax to the sample
surface. This wax layer provides mechanical support to the epilayer once it is lifted from
the substrate. The slightly dome shaped wax layer also provides sufficient tensile stress
to cause the epitaxial layer to curl during lift off and thus helps clear the etch channel in
the sacrificial layer and so increases the etch rate. However, applying the wax layer on
sample surface has some disadvantages.
Special care has to be taken while applying wax on the sample surface. Samples are
normally cleaved into rectangular pieces and wax after melting form a circular shape due
to its surface tension. This requires spreading the wax evenly on the sample surface. A
non-uniform layer of wax generates regions of high and low stress in the epilayer, which
results in an increase in the density of cracks formed.
If cleaved pieces of an ELO sample are added to the etch solution, they are etched irre-
spective of the presence of a wax supportive layer. However in the case of an unwaxed
sample, the epilayer breaks up into minute fragments instead of remaining as a single
layer because of the absence of a support structure. While applying the wax layer, it is
possible to introduce micrometer square areas with no wax cover. These areas when ex-
posed to etch solution detach from the epilayer, leaving holes. It is suggested that this can
relieve the stress.
Another disadvantage is that if some of the molten wax extends down onto the side face
and covers the MgS, then it prevents the etch solution from accessing the sacrificial layer
on that side. This is a serious issue as at times this can prevent the etching altogether.
Even if the etch solution manages to completely dissolve the sacrificial layer from other
sides, this wax deposition on the side could act as a bond between the epitaxial layer and
the substrate, thus effectively preventing the separation of the layers.
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Figure 7.1: 100× UVM images of two different substrates after ELO showing surface damages.
Two contrasting halves can be seen in (a), where the darker left half is where the
epitaxial film has curled up initially and the clear right half has the epitaxial layer
separated but still resting on the substrate.
7.2.2 Use of solvents and solvent-related contamination
Normally the Apiezon wax layer is removed by dissolving it in a solvent which can cause
some difficulties in the ELO processing. Trichloroethylene (C2HCl3) was originally used
but this substance is highly toxic and requires working in a properly ventilated fume cup-
board. This is also an ozone layer depleting substance (ODS) and hence restricted under
the Montreal Protocol. 1-Bromopropane (CH3CH2CH2Br) has been newly introduced as
an alternative to trichloroethylene and used extensively here. However 1-Bromopropane
is also a hazardous solvent as it can harm both the nervous system and the reproductive
system.
Another disadvantage in using a solvent to remove the wax in the ELO process is the
likeliness of impurity deposition on both the epilayer and substrate surface after lift off.
Leaving the samples in etch solution (here, HCl) for prolonged period introduces depos-
ition of impurities onto the substrate surface. This is an important issue if the substrate
is to be used for a regrowth. Although these depositions can be rinsed off to a certain
extent, this involves an additional substrate cleaning process. As the corners of a sample
tend to lift first, these areas are exposed to the etch solution longer than the middle of
the sample. As a result different areas of the substrate get different amount of materials
deposition. This is seen in Figure 7.1(a). In this extreme case, This substrate was in the
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Figure 7.2: Photograph of an epitaxial layer deposited on a glass substrate after lifting off from
the substrate, showing residual deposition from the solvent, 1-Bromopropane.
etch solution for two days because although the epilayer was completely separated, there
was no way of knowing as the right half was still resting on the substrate after separation.
In the mean time, the left half which has been curled up initially has been deposited with
a dark dusty residue. These particles could possibly be formed from the interaction of the
etch solution with the wax. Another substrate surface, damaged from residual deposit is
shown in Figure 7.1(b). These dusty deposits are on the separated substrate surface and
not on the epilayer, and can be completely wiped off the substrate if required.
Considerable care must be given to prevent any material deposition on the epilayer surface
after removing the wax using the solvent solution. Most of the time, tiny particles from
wax and fragments of the epilayer get deposited on the surface. Similarly when the lifted
epilayer is dried, the solvent leaves a residue on the surface. Since 1-Bromopropane has
a very low miscibility in water, ethanol is used as an additional solvent in the next step to
dissolve any bromopropane from the epilayer. Although this method provides a very good
quality epilayer over square millimetres, it becomes very difficult to completely eliminate
impurities from the entire surface (See Figure 7.2).
7.2.3 Curling of epilayer
As the ELO process progresses, the epitaxial layer experiences stresses due to the wax and
curls up, forcing open the small crevice between substrate and epilayer, thereby clearing
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Figure 7.3: Photographs of (a) uniform, reasonably curled and (b) overly curled epitaxial layers
in etch solution. In the latter, there is very high probability for the curled up part to
be snapped off from the rest during the deposition stage or subsequent wax removal
process.
the etch channels. As a result of this upwards curling effect, the etching is no longer
stopped at a certain depth but speeds up the ELO process by helping the H2S gas escape
into the etching solution [1]. However for larger areas, sometimes the thin epilayers curl
upwards too much and when trying to deposit onto a new substrate the curled corner of the
epilayer will not bond under the Van der Waals forces. As a result most of the time these
overly curled portions will be broken off the epilayer. Figure 7.3 shows a comparison
between two different amounts of curling observed during ELO.
7.2.4 Scalable area
Although the estimated initial MgS etch rate of 3mm/hr is an order of magnitude faster
than the etch rate of AlAs release layers in GaAs-based lift-off [1, 2], the etch process
becomes much slower for larger areas. As the etching channels approach the centre of
a sacrificial layer, there is a good chance for the entire process to stop as the curvature
induced by the wax is minimal at the centre. At times this requires pushing the epilayer
slightly to free the attached material in the centre. This forcible separation leads to crack
formation around the centre areas (See Figure 7.4). As a result, the demonstrated devices
are typically in the range of several millimetres in size.
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Figure 7.4: UVM images of two different substrate surfaces after ELO, showing continuous
scratches arising possibly due to the small manual force applied on the wax layer
at times to separate the epitaxial layer from substrate. Sometimes a small applied
force is necessary to determine if the etch has completed as sometimes the etched off
epilayers stick to the substrate using capillary forces.
7.2.5 Damage to substrate
Ideally one of the most important advantages of the ELO process is the ability to separate
the substrate without introducing any cracks or impurity depositions. But the substrate
surface damage arising from the current ELO treatment is primarily due to the use of a
wax layer and the longer period of time in etch solution limits the use of a substrate for
regrowth.
7.2.6 Inability to control and monitor the etch process
The tension induced by the surface wax layer cannot be controlled well and as a result
it has proven difficult to investigate the details of the etch mechanism and optimise the
process control parameters. Due to the black wax layer on top, the progress of etch cannot
be monitored in situ.
For industrial applications it is necessary to obtain better control over the ELO technique
so that the process can be optimised to allow for the separation of much large area devices
at sufficiently high etch rates without compromising the device quality. In this chapter
a modification to the existing ELO technique is demonstrated through which the above
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mentioned limitations can be avoided.
7.3 Recent developments in III-V ELO
Several changes have been suggested and demonstrated to improve the basic ELO tech-
nique. Notably all of these modifications were designed for the III-V based ELO struc-
tures.
To eliminate most of the limitations described in Section 7.2, the major focus has been on
finding an alternative to the wax based lift-off system. Since it is very difficult to control
such fragile thin film structures, it is necessary to mount the epilayers on a carrier which is
resistant to etch solution and acts as a frame on which the epilayer sticks to after lift off is
completed. A thin sheet of flexible polymer was initially tried as a replacement to the wax
layer [3]. A flexible carrier was required as the epilayer needed to curl up in the etching.
In this case, rather than using the tension in the wax layer to open the crevice during the
lift off process, a controllable external force is applied to the thin film through the polymer
carrier. This carrier provided continuous support and allowed for the manipulation of the
thin film during and after the lift off process.
7.3.1 Weight Induced Epitaxial Lift-Off (WIELO)
Several techniques were tried based on the flexible plastic carrier lift-off. A success-
ful method was demonstrated by applying a variable weight to the plastic carrier which
provides the required external force [3]. In this model, the sample with the plastic car-
rier attached is mounted upside down above the etch solution in a closed container [4,
5]. Due to the saturated vapour of the HF solution used in the container, one droplet of
etch solution positioned on the plastic foil against the edge of the sample on the side of
the weight is normally enough to separate the epilayer from the substrate. The schematic
representation of this configuration is given in Figure 7.5(a) and is generally referred to
as Weight Induced Epitaxial Lift-Off (WIELO).
186
7.4 Polyurethane based carriers for II-VI ELO
Figure 7.5: Schematic of two recent advancements in ELO technique. (a) The weight induced ELO
process and (b) ELO with a stabilized radius of curvature by guiding the temporary
flexible carrier over a cylinder surface. [3]
The main limitation of this setup is that the flexible carrier bends too easily especially if
a new droplet of HF solution has to be applied during the lift-off process. This normally
induces crack formation in epitaxial layer structures. Developments were made further in
this system in which the slit is forced open with a constant radius of curvature by guiding
the foil and the part of the epitaxial layer being separated over a curved surface (Figure
7.5(b)).
Although this technique has proven successful in lifting off III-V based material systems,
it has never been attempted in II-VI systems. One of the important working principles
of the WIELO is the use of a closed container system utilising the saturated vapour of
HF. This method is not practical in the case of the 30% aqueous solution of HCl, used
for MgS. Moreover the setup required for the above mentioned WIELO is complex and
requires precise control throughout the lift-off process.
7.4 Polyurethane based carriers for II-VI ELO
Irrespective of the configuration used, the application of the flexible plastic carrier has
proved successful for handling the thin epitaxial layers and releasing larger areas. Sim-
ilarly there seems to be no fundamental limitations to scale up the process towards even
larger films as long as a slight curling is provided for the etching to proceed.
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A very simple method to lift epitaxial layers using a flexible polymer carrier that simply
replaces the wax layer is demonstrated here. To avoid too much bending of the plastic
layer and thus damaging the epilayer, a more rigid grade of flexible polymer carrier layer
is used here. Plastic layers of different thicknesses were initially tried and after consid-
ering the availability, cost, durability and flexibility, polyurethane sheets were chosen.
Polyurethane is a polymer composed of a chain of organic units joined by carbamate (ur-
ethane) links and is commonly recycled. It is resistive to HCl etch solution and is also
used as a substrate in several thin film structures. Additionally most polyurethanes are
thermosetting polymers that do not melt when heated.
Polyurethane sheets are easily available in the form of electronic screen protectors, which
have one side coated with silicone glue that helps them to bond easily to smooth sur-
faces.
7.4.1 Steps of the improved ELO process
The ELO method involves several stages which are shown in Figure 7.6.
1. Cleaving: As explained in Chapter 6, samples are initially cleaved, but into ∼ 15×
15mm2 pieces which is five times larger than the area normally lifted with the wax
layer technique. Although epilayers up to ∼ 10×10mm2 in size were occasionally
separated using the wax technique, the film layers were not in good shape with
residual deposition from the solvent, imperfectly etched sides and corners, etc. In
most cases an external force was required to completely separate the epilayer from
substrate.
2. Applying polyurethane carrier layer: Polyurethane sheets were cut in the required
shape and size and then carefully applied to the surface of the sample, making sure
no air bubbles or dust particles were trapped. The polyurethane sheets instantly
attached to the sample surface using electrostatic force. It is important to cut these
sheets into pieces slightly larger than the sample as no external force, but the uni-
form stress induced by the carrier is used to separate the epilayers. If the structure
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(a) (b) (c) 
(d) (e) (f) 
Figure 7.6: Various stages involved in polyurethane based ELO. (a) Cleaved sample, (b) cutting
plastic carriers in appropriate size, (c) plastic carrier applied to the sample surface,
(d) placing in HCl solution, (e) etch in progress and (f) lifted layers on polyurethane
carrier.
is left at the bottom of the etch solution (as opposed to floating), a small buoyancy
force is also present.
3. Chemical etching: The samples attached to the polyurethane carrier layer are then
placed in a 30% aqueous solution of HCl. The MgS sacrificial layer is etched away,
while the etch resistant polyurethane film supports the separated epilayer. Once the
etch is completed, the released epitaxial layer along with the plastic layer floats to
the surface of etch solution.
4. Examination: The lifted epilayer is then removed from the etch solution and rinsed
in deionised water. The polyurethane layer itself can be used as a substrate for
some applications (discussed later). Material characterisation including photolu-
minescence and transmission spectra, etc. can be obtained while the epilayer is
attached to the polyurethane film.
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5. Removal of the polyurethane carrier layer: The polyurethane layer can be easily
removed to allow transferring onto other substrates. The epilayer on polyurethane
is first attached to a wet substrate (here, glass) by utilising the van der Waals forces
and then left to dry for few hours. The whole block is then immersed into a beaker
of butanone (CH3C(O)CH2CH3), which completely dissolves polyurethane leaving
the epilayer bonded to the glass substrate. The substrate and epilayer assembly is
finally washed in deionised water.
7.4.2 Advantages of polyurethane based ELO
Most of the limitations associated with the wax layer based lift off process originated
from the use of the wax itself. From the deposition to the removal, wax has proved
problematic when it comes to handling and processing the lifted epitaxial layer. The use
of polyurethane sheet as a substitute for wax has dramatically improved the handling and
quality of the epilayers.
The polyurethane film exerts a uniform stress on the epitaxial layer unlike a wax layer,
where due to the non uniform spreading, different stresses are experienced by different
areas of the thin film. Similarly over-curling of the epilayer is avoided by using a plastic
carrier. In a wax layer based process, the corners of the epilayer curls up significantly
depending on the size and shape of the epilayer as well as the amount of wax applied. The
right amount of wax required for a particular size or shape of an epilayer is critical and
very difficult to control unless an automated system is developed. Over-curled corners
of large epilayers tend to break off after removing from the etch solution. Equally, the
smaller portions of the epilayers, similarly separated from the edges and corners further
disintegrate and stays in the etch solution unnoticed. These fine particles can stick to the
separated epilayer and the substrate, degrading the quality.
Handling the samples becomes much easier when using a polyurethane sheet as the car-
rier. The flexible nature of the carrier makes it easy to transfer the film to a range of
surfaces. On the other hand, the epilayer/wax combination is very brittle and very careful
handling is required. Another advantage of the polyurethane based lift-off is that the flex-
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ible carrier itself can be used as a substrate for a range of applications including flexible
solar cells. Likewise the scalable area makes this technique even more favourable. Epi-
taxial layers up to ∼ 30× 30mm2 have been successfully separated from the substrates
free of major defects such as cracks.
Using polyurethane sheets as an alternative to wax layers does not require hazardous
solvents such as trichloroethylene or 1-bromopropane, which have been replaced by butan-
one. The issues related to the residual solvent deposits on the substrate and epilayer sur-
faces during wax based ELO (Section 7.2.2) has been completely eliminated.
The transparent polyurethane sheets also provide valuable information about the etch
channels (See section 7.4.3). The etch progress can be easily monitored and the char-
acteristics of the reaction can be studied this way.
Finally, the low cost, easy availability and ease of application to the existing technology
also make the polyurethane based carriers attractive. This method also does not require
any mechanical equipments. Compared to the WIELO technology, no additional weight
is required to induce stress. Instead, the polyurethane immersed in the etch solution exerts
a force upwards which stresses the epitaxial layer.
7.4.3 Observation of the etch process
One of the advantages in using a polyurethane carrier is that, through the transparent
layer, the whole etch process can be observed. This way, the progression of etch chan-
nels through the sacrificial layer and any obstructions can be monitored and the reaction
kinetics studied. In this section the first ever visual study of an epitaxial lift off process is
detailed.
A sample was prepared in the same way as described in Section 7.4.1. A polyurethane
sheet was attached to the sample surface and placed in a glass petri dish, which was then
placed under the microscope that was focused on the sample surface. The etch solution
was then poured into the petri dish.
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Figure 7.7: UVM images from various stages of a transparent polyurethane carrier based ELO.
Any black marks appearing in the images are on the outer surface of the carrier layer
used and have no effect on the epilayer or etching process.
The etch can be performed in two ways; by completely immersing the sample and placing
it at the bottom of the petri dish by adhering the edges of the polyurethane film to the dish
edges or by allowing the sample to float on the surface. Both ways are effective as in the
first case the buoyancy of the polyurethane film provides the stress whereas in the second
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Figure 7.8: UVM images showing (a) 100× and (b) 500× magnified view of the progression of
etch channels in polyurethane carrier based ELO. (Note: The black mark on (a) is a
scratch on the outer surface of the carrier and has no effect on etching)
case, the weight of the substrate provides the stress. For larger samples an additional
supportive film is attached to the substrate to minimise the stress. To make focussing
easier, in this case the sample was immersed.
Initially the etch starts from all sides and rapidly moves inwards. Figure 7.7 shows various
stages of the ELO. The progression of the etch channel forward and H2S gas transfer (as
bubbles moving towards the edges through the channels) can be seen through an optical
microscope. These H2S bubbles completely dissolves into the HCl solution, as soon as
coming out of the etch channels. This finding is against the Yablonovitch model [1], where
it suggested that the bubbles are formed when the concentration exceeds the solubility
limit of H2S and the etch rate drops. But here, the bubble formation and transfer through
the etch channels were noticed from the beginning and no change in etch rate was noticed.
This shows that H2S gas is not dissolving inside the etch channel and as a result the
concentration of etch solution inside etch channels remain stable resulting in a constant
etch rate.
Although the etch channels initially appear to be aligned, there is clearly no particular
crystallographic directions involved. Interestingly the distances between individual etch
channels are the same. However a few larger channels formed as a result of merging
smaller etch channels can also be seen. As these channels move inwards the outer ends
join together and this initiates the separation of the epilayer from the substrate. Finally the
etch channels from all directions meet at the centre and the epilayer completely separates
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Figure 7.9: 50× UVM images showing a narrow, unetched strip of material along one edge. The
large area in blue colour is the substrate where the etch was successful.
from the substrate. Figure 7.8 shows a magnified view of the etch channels.
The rate at which etch channels from different edges progress is different. One significant
(and unexpected) finding is that the etch channels originate from freshly cleaved edges
move much faster than the channels originating from non-cleaved edges (as-grown edges).
This could be due to the deposition of a very thin layer of ZnSe on the sides of the sample
during the growth of the ZnSe top layer.
Similarly, occasionally it was noticed that certain edges will not initiate any etch channels
throughout the process resulting in a thin strip of unetched layer along that particular
edge. Figure 7.9 shows UVM images from such a sample. One possible cause is a thin
indium layer on that edge resulting from the bonding process. It is a common practice
during bonding on the molybdenum block, to move the substrate around on the melted
indium to ensure it is properly glued. If excess indium is used, this movement results in a
thin film of indium sticking to the edges.
7.5 Stabilisation of semiconductor surfaces
One of the major difficulties in handling the materials grown in the MBE chamber at
Heriot-Watt is the lack of techniques to preserve the sample. Growth takes place in ultra
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high vacuum, where there are minimal surface contaminants. When the sample is brought
outside the chamber into the atmosphere, various factors affect the stability of the surface
layers. The scale of the effects varies according to the surface epilayer. In this section a
surface passivation method is tested on various samples and its effect on the stability of
different compounds is studied.
Control over the stability of an as-grown sample is an integral part of the MBE growth
process. In many cases, transporting samples between various laboratories across the
globe requires considerable care, especially in the case of certain highly reactive materials
such as MgS. Exposing an as-grown sample to atmosphere, in most cases restricts the
possibility to reintroduce it into the chamber and perform growth of another layer on top
of it due to various factors described below.
7.5.1 Surface reactions
Passivating a sample depends entirely on its reactivity in atmosphere and different ma-
terials react very differently. There are two cases where these reactions could degrade a
sample beyond usability. First, the material oxidises which completely degrades the sur-
face. In certain materials the whole capping layer could react. Second, for less reactive
materials, the exposure to atmosphere results in a thin surface layer formation. In most
cases this thin layer will be formed as a result of the reaction between the surface layer
and oxygen in atmosphere. These oxide layers are typically up to a few monolayers thick,
and for many applications can be ignored as they do not influence the structure or stability
of the material on which they are formed. However these layers prevent any additional
epitaxial depositions, rendering the sample unusable for further growth.
7.5.2 Case study: MgS
MgS is a highly reactive material grown extensively at Heriot-Watt. This very reactivity
has made it an impressive candidate for the sacrificial layer in II-VI ELO. However MgS
also reacts with oxygen when exposed to atmosphere, forming magnesium oxide and
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Figure 7.10: (a) 100× and (b) 200×UVM images of an MgS layer with a 2 ML ZnSe cap showing
surface degradation, two weeks from the growth.
critically this reaction is not limited to the surface layer, but extends through the whole
MgS layer. This reaction makes it impossible to grow a sample terminating in MgS.
For surface characterisation studies of MgS, it is essential to grow a very thin capping
layer of a stable material on top of MgS to prevent the oxidation. Typically 2-4 nm thick
layers of ZnSe are grown on the MgS layers, and these capping layers, being so thin do not
normally change the surface morphology. This capping layer method is not ideal in many
cases where direct contact to the MgS layer is required and could mask any nanoscopic
surface features present on MgS surface during surface topography using AFM. To avoid
such difficulties, even thinner ZnSe layers just a few ML thick (generally 2-4 ML) have
been tried. However the degradation of such extremely thinner layers has been noted over
time. (See Figure 7.10)
7.5.3 Case study: ZnSe
ZnSe is a very stable compound compared to MgS. However the formation of a very
thin oxide layer on ZnSe has been observed when exposed to atmosphere. This thin
layer is only a few ML thick and has no significant effect on the structural or optical
characterisation.
The only major disadvantage of this thin oxide (ZnO) is when attempting a regrowth on
an as-grown ZnSe layer. Once removed from the vacuum chamber, it is very difficult
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to re-initiate the growth on the surface. There is no effective chemical etchant available
which completely removes the zinc oxide layer without damaging the underlying ZnSe.
ZnO is also thermally stable and cannot be removed in vacuum by heat treatment, unlike
for example gallium oxide. RHEED shows that the normal 2×1 (Se rich) streaky pattern
visible during ZnSe growth, starts as a completely spotty pattern during a regrowth of
ZnSe on this oxide layer. Although the integral streaks return in 2 minutes (∼ 10nm),
the interface will still be rough and oxide patches will introduce more dislocations and
stacking faults.
The results of further attempts of ZnSe regrowth on ZnSe layers exposed to atmosphere
are detailed in Section 8.4.1.
7.5.4 Case study: CdSe quantum dots deposited on MgS
Due to its ultra wide band gap (∼ 5eV), MgS is used as a barrier for CdSe QD structures.
Because of the reactive nature of MgS, such quantum structures always require a thick
ZnSe capping layer. For surface characterisation studies, dots are generally grown on
MgS layers and capped with a few ML ZnSe. As explained above, this thin cap is effective
only for few hours and then degrades and so any measurements have to be taken within
this period. Growing a stable and thicker cap up to 2-3 nm has been found to be alter the
morphology and can even bury really small features.
The method of growing a cap only a few ML thick is effective only for samples which
will be characterised within few hours from growth. There were many instances where
the structures must be examined extensively over a longer period or sent to another labor-
atory, and in such cases the lack of a suitable sample preservation method is a significant
problem. For analysis using techniques such as AFM, SERS (Surface enhanced Raman
spectroscopy), etc. it is preferable to have a cap free surface if possible.
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7.6 Existing surface passivation techniques
There are a range of methods for storing samples over a longer period and the following
are some of the most important techniques used for transport or storage.
7.6.1 Vacuum desiccators
Vacuum desiccators are sealable enclosures containing desiccants (usually an otherwise
inert solid such as silica gel) used for preserving moisture sensitive items for later use. A
stopcock is included to permit the desiccator to be evacuated using a vacuum pump. A
common use for desiccators is to protect chemicals which are hygroscopic or which react
with water from humidity.
Although a vacuum desiccator is an ideal solution for storing samples over a longer time,
the contents of desiccators are exposed to atmospheric moisture whenever the desiccators
are opened. Similarly laboratory grade desiccators are made of heavy glass and compar-
atively larger in size, preventing easy transportation.
7.6.2 Vacuum transfer devices
There are different methods of sample transfer under vacuum, each transfer device having
its own particular advantages and disadvantages. The methods vary from simple vacuum
sealed, disposable glass tubes to high end, reusable vacuum boxes. All these devices
involve either extensive preparation or higher costs and hence are not widely used for
sample transportation.
7.6.3 Arsenic passivation layer in III-V semiconductors
Clean surfaces of MBE grown III-V epitaxial layers may be passivated against atmo-
spheric contamination such as oxide layer formation by the in situ condensation of the
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higher vapour pressure element of the compound. The passivating layer can be removed
by gentle heating. This has been reported for GaAs [6–8] and AlAs [6, 9]. Further re-
search has demonstrated significant improvements in interfaces formed by regrowth of
GaAs surfaces exposed to air and deionised water which had previously been passivated
using thin arsenic layers condensed in situ [10]. It was found that As passivation provided
a large reduction in the carrier loss normally seen in carrier concentration depth profiles
of regrown interfaces in lightly doped n-type material.
Arsenic deposition is now widely used in III-V MBE as As layers can be easily applied
post growth in the growth chamber and later removed by gently heating.
7.7 Selenium protection layer in II-VI materials
The chemical and electronic properties of selenium passivated GaAs (001) surfaces were
investigated previously by a combination of theoretical calculations and core level pho-
toemission experiments [11] and it was found that the surfaces were very unreactive and
could be considered as chemically passivated. Subsequently the stability of a Se passiv-
ation layer on a Si (001) surface was investigated using a non-destructive surface sensit-
ive technique: time-of-flight positron annihilation induced Auger electron spectroscopy.
After 10 days of exposure in the air, the Se passivation layer surface was observed to
incorporate some oxygen but to remain largely intact [12].
The application of a selenium protective capping layer in II-VI semiconductors is invest-
igated in this section. Samples grown for this study are characterised using RHEED,
AFM and XRD. The effect of the Se layer on the regrowth on ZnSe and MgS layers is
also examined.
7.7.1 Deposition method
The Se protective layer is applied to structures using a very simple method. Once the
growth is finished, the sample is first cooled to below ∼ 120 oC. Se is deposited directly
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Figure 7.11: Schematic of the structure of Se capped (a) MgS structure and (b) CdSe quantum dot
structure.
on the sample surface by opening the Se cell. Within 5 sec of starting the Se deposition,
all the RHEED features disappear, indicating the formation of an amorphous Se surface
layer. The structure of a typical Se capping layer applied sample is given in Figure 7.11.
The thickness of Se deposition depends on both the sample temperature and the Se flux.
Initially samples were grown with a 5 min Se deposition while sample temperature was
lowered from 120 to 100 oC. Different deposition times were later examined for different
materials.
7.7.2 Selenium on ZnSe surface
At first, Se deposition was attempted on ZnSe layers. Samples were cooled immediately
after the growth to the Se deposition temperature of ≤ 120 oC while maintaining a sharp
and streaky 2×1 RHEED pattern indicating flat Se rich ZnSe surface. As soon as the Se
deposition is started, the RHEED patterns disappeared.
A set of samples were grown with varying Se cap thicknesses using deposition times
varying from 5 min to 40 min. Samples were then removed from the growth chamber and
carefully removed from the molybdenum block. Indium, which is used as a glue to fix the
sample to molybdenum block has a melting point of 156 oC. Special care must be given
while separating the sample from the molybdenum block as if the temperature used rises
above ∼ 175 oC, Se starts to evaporate and ultimately exposes the underlying surface to
atmosphere. Se vapour is also toxic, if inhaled.
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Figure 7.12: A comparison of 004 XRD scans from samples with structure (a) ZnSe(60nm) and
(b) a 150nm ZnSe grown on top of the first structure, after preserving three months
using a Se coating.
Samples were then examined using XRD and AFM over the next few weeks. No differ-
ence in surface morphology was observed between samples grown with 5 min, 20 min
and 40 min of Se deposition. After two weeks samples were glued back to the molyb-
denum block and re-introduced to the growth chamber. No sample treatment was used at
this stage. Any dust particles stuck to the sample surface were simply removed by using
a jet of oxygen free nitrogen gas.
Once returned to the growth chamber, RHEED from the sample surface initially shows
the blank screen confirming the presence of an amorphous Se surface layer. The sample
is then slowly heated to above 200 oC. A sudden change in the RHEED pattern can be
seen at this temperature as, at first the integral streaks and then the half order streaks
reappears. The sample is then further heated to the growth temperature and a regrowth
is performed. RHEED shows a sharp and streaky 2×1 pattern throughout the growth
indicating a smooth 2D growth. No RHEED spots were visible to indicate signs of 3D
nucleation.
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Figure 7.13: 10µm × 10µm AFM images showing representative areas from samples (a)
HWC462, (b) HWC486 and (c) HWC467 on the day of growth.
After the regrowth, samples were re-examined using AFM and XRD. AFM images showed
a near atomically flat surface with a roughness of ∼ 0.6 nm and this value is well within
the surface roughness range of a normal GaAs/ZnSe structure grown here. To investig-
ate the structural stability of the structures after Se desorption, a ZnSe(150nm) layer was
grown on top an already grown structure which was left outside the chamber for three
months. The original sample had a 60nm ZnSe structure with a Se coating. 004 XRD
scans were obtained before and after the regrowth. A comparison of the XRD scans are
given in Figure 7.12. The original structure shows a strained 60nm ZnSe layer whereas
the regrown structure has shown a ∼ 50% relaxed 150 nm thick ZnSe cap layer peak and
an un-relaxed shoulder peak indicating the original structure.
7.7.3 Selenium on MgS surface
MgS samples grown on a ZnSe buffer layer were processed in the same way as in the
previous ZnSe section. The only difference is the change in the RHEED pattern, which in
this case is from a c(2×2) pattern to amorphous. Three samples HWC462, HWC486 and
HWC467 were grown with 5 min, 20 min and 40 min of Se deposition. Samples were
initially measured using AFM and XRD. AFM images again showed very flat surfaces for
all the samples. All the sample surfaces were near atomically flat with an RMS roughness
in the range of 0.5-0.6 nm. Figure 7.13 shows AFM images obtained after growth, from
all three samples.
Sample surfaces were continuously monitored using AFM every day to study the stability
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Figure 7.14: 10µm×10µm AFM images showing representative areas from HWC462 on (a) Day
1, (b) Day 3, (c) Day 5 and (d) Day 10.
of the MgS layer underneath. After two days HWC462, the sample grown with 5 mins
of Se deposition developed some surface features. The density of such surface spots
increased over the next few days. Figure 7.14 shows the AFM topography of sample
HWC462, measured over several days. The other two samples still showed a flat surface.
Samples were further monitored for another four weeks and still no surface features were
observed on the other two samples.
After 4 weeks, HWC462 was reintroduced into the growth chamber and attempted re-
growth. The sample showed a spotty RHEED pattern as soon as the Se layer was de-
sorbed, as expected. The surface features which appeared on the AFM images are pos-
sibly from areas where the thickness of Se layer was not adequate to protect the MgS layer
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Figure 7.15: 004 XRD experimental scans from HWC467 with (a) an initial structure ZnSe(50nm)/
MgS(10nm)/ Se cap, (b) a final structure ZnSe(50nm, initial growth)/ MgS(10nm,
initial growth)/ ZnSe(50nm, regrown after three months by removing the Se protective
cap) and (c) a simulated fitting of (b). During the three months between the growths,
the initial structure was left on an office table, uncovered and exposed to atmospheric
conditions.
from reacting with atmosphere. This could be due to the desorption of Se during removal
of the sample from the molybdenum block (higher temperature) or simply that not enough
Se deposition took place in the 5 min. The regrowth of a ZnSe layer on top of the MgS
surface layer was again showed spotty streaks in RHEED, indicating the presence of a
rough 3D surface.
The other two samples HWC486 and HWC467 were reintroduced into the chamber after
12 weeks and were noticeably unaffected by such prolonged atmospheric exposure. After
the Se desorption, sharp and streaky c(2×2) patterns reappeared in RHEED indicating
a good crystalline quality surface devoid of any 3D nucleation. Successful ZnSe re-
growth were performed on both HWC486 and HWC467. A sharp 2×1 RHEED pattern
replaced the c(2×2) indicating a Se rich ZnSe growth. Figure 7.15 shows a compar-
ison of 004 XRD scans obtained from HWC467 with an initial structure GaAs(substrate)/
ZnSe(50nm)/ MgS(10nm)/ Se cap and a final structure, GaAs(substrate)/ ZnSe(50nm
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initial growth)/ MgS(10nm initial growth)/ ZnSe (50nm, regrowth after desorbing Se
cap). The experimental scan from the latter showed the two distinctive ZnSe layers and
Pendello¨sung fringes indicating the high crystalline quality of the grown layer. AFM
scans on the same samples again showed flat surfaces with roughness values in the range
of 0.5-0.6 nm.
From the above observations, a Se deposition time of at least 20 min has been fixed for
all the future growths. The Se deposition time also depends on the sample temperature.
For HWC462 the Se layer was deposited when the sample temperature was between 120
and 100 oC. An even lower temperature could speed up the Se deposition and thus the
deposition time could be reduced.
7.7.4 Transportation and surface characterisation
Previous sections focussed on the regrowth aspect of amorphous Se deposition on ZnSe
and MgS. For transportation, Se capped samples can be easily transported simply in a
sample storage box.
In this case ZnSe does not require any Se capping at all, as the very thin oxide layer formed
is a passive layer and does not interfere during additional surface analysis. However,
structures containing MgS have to have a protective layer until just before the surface
analysis to avoid any surface degradation. Just before the analysis the sample may be
heated to ∼ 200 oC to desorb the amorphous Se protective layer. Vacuum conditions
are not necessary as no difference has been observed between two cleaved pieces of the
same sample heat treated under vacuum and at atmospheric pressure. In atmosphere the
changes to the sample surface can be witnessed by naked eye. Figure 7.16 shows various
stages of Se desorption performed under atmospheric conditions, in a clean room at 200
oC. In roughly 30 sec, all the Se is evaporated and a flat surface was visible.
Any surface characterisation can be thus performed when needed by keeping the sample
surface buried under an amorphous Se layer. However the surface MgS layer will oxidise
rapidly within a few hours from the removal of the Se protective layer.
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Figure 7.16: A photographic representation of various stages of Se desorption under atmospheric
conditions. The first image is a sample coated with amorphous Se and the final image
shows a completely Se desorbed MgS surface. The whole process took under 30 sec
at 200oC. (Pictures taken at ∼ 3 sec interval)
7.8 Summary
An existing MBE processing technique ELO, has been modified by replacing the tra-
ditional wax application with a silicone coated polyurethane carrier. This flexible carrier
enables fast and easy lift off of large area epitaxial layers with reduced defects and surface
contaminations. Epitaxial layers up to 30 × 30 mm2 area were successfully lifted-off and
transferred to foreign substrates. The residues from wax and solvents can be completely
avoided using this technique.
Characterisation can be performed while the epilayers are attached to the carrier. Epilayer
damages arising from over curling of corners can be completely avoided. The whole
etching process, including the formation and progression of etch channels and the transfer
of H2S gas can be clearly observed under a microscope through the transparent carrier.
A new processing technique for preserving as-grown II-VI material surfaces from atmo-
spheric contaminants has been demonstrated. By depositing a layer of amorphous Se
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protects the semiconductor surfaces from the formation of oxide layers and other reac-
tions. Later this Se protective layer can be easily desorbed by heating to ∼ 200 oC. No
differences were observed between samples undergone Se desorption under vacuum con-
dition and at atmospheric pressure. AFM was used for monitoring the sample surfaces
over time whereas in situ observations were carried out using RHEED.
By using the Se protective layer, samples can be stored in normal atmospheric conditions
for longer periods for either a regrowth or surface characterisation on a later time. Re-
growth were performed on both ZnSe and MgS layers and 004 XRD scans were used
to ensure the structure and crystallinity of samples before and after regrowth. Sample
processed this way can be easily transported anywhere without worrying about surface
contaminants. Any dust can be easily removed by using a jet of nitrogen gas or even
air.
7.9 Future Work
The material deposition on the substrate under prolonged exposure in etch solution is not
well understood. Apiezon wax used was thought to be resistant to HCl solution. However
the only other materials to be found in the solution when the layer is etched away are Mg
ions and H2S gas. The fact that these deposits can be washed off the surface (and hence are
loosely adhering) makes it difficult to examine using any of the characterisation methods
available here. SIMS or Auger spectroscopy could be used to determine the nature and
origin of these materials. It was also noticed that such deposits were absent when the
wax layer was replaced by a polymer carrier, pointing strongly towards a reaction of etch
solution with the wax layer.
Very little has been done to study the evolution and properties of the etch channels despite
the fact that arguably this is the first time the etch channels were observed or recorded.
Previous models of etching of III-V and II-VI semiconductors have all assumed (1) the
liquid-solid interface is straight and (2) the maximum H2S concentration is limited by
saturation. This is possibly not true as bubble formation is seen and therefore some super-
saturation is possible. The rate at which channels from different edges progress forward
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Figure 7.17: UVM images showing (a) the surface of a polyurethane carrier (50×), (b) cracks
formed along [110] and [11¯0] as a result of bending the flexible carrier (50×) and
(c) & (d) an epilayer deposited on polyurethane carrier showing rippled surface
formations due to the compressive strain exerted by the carrier (500×).
is different. Although a few of the possible reasons have been considered, more study
need to be carried out to investigate this phenomenon. The effect of the ’stepped’ pattern
in which the etch channels progress on etch rate (if any) has not been studied.
Although proved very effective over the existing wax based ELO, the use of a flexible car-
rier does raise certain challenges. The polyurethane material used here, is of lower quality
and not optically flat (Figure 7.17(a)). In certain cases crack formations along [110] and
[11¯0] directions were observed as a result of slight bending of the carrier layer during
handling (Figure 7.17(b)). Similarly, the compressive strain exerted by the plastic carrier
is greater than that of the substrate in which the epilayer was initially deposited. This ul-
timately results in rippled surface formations as seen in Figure 7.17(c) and 7.17(d). These
issues can be eliminated by using high quality polyurethane or polyethylene terephthalate
carriers.
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Chapter 8
Direct epitaxial growth of zinc blende MgS on GaAs
and the development of reusable substrates
8.1 Introduction
Single crystal substrate wafers determine a significant part of the costs associated with
both III-V and II-VI semiconductor manufacturing. As a result, for a variety of indus-
trial applications including solar cells, the reuse of the wafer is economically beneficial.
There exist several established techniques for substrate reuse in III-V material growth [1–
4]. Due to a variety of reasons such as higher cost and poorer quality of commercially
available II-VI wafers, II-VI materials are generally grown on latticed matched III-V sub-
strates. However, currently there are no existing methods which enable the reuse of a
substrate for II-VI regrowth.
The ELO technique in principle offers the most viable route of substrate reuse after sep-
aration of the deposited epitaxial layer and transfer to another carrier. In GaAs substrates
(III-V growth), ELO is based on the etching away of a sacrificial layer of AlAs in an
aqueous solution of HF. After ELO the substrate can be reused for further growth, but
only after processing the surface. In II-VI materials, MgS is used as a replacement for
AlAs (See Chapter 6) and etched in an aqueous solution of HCl. So far, MgS based ELO
has never been used for recycling a substrate for II-VI material growth, primarily due to
the inability to grow ZB MgS directly on a substrate. The ZB MgS has always required
a buffer layer lattice matched to the substrate to initiate the growth. Despite several at-
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tempts by various research groups described below, MgS has always undergone a phase
change to RS when attempted growing directly on a substrate.
The first experimental demonstration of the growth of ZB MgS on a GaAs (100) substrate
is demonstrated in this chapter. The layers are characterised using RHEED, XRD, PL,
SIMS and SEM. ELO is then performed on these samples. Finally the first successful
demonstration of substrate reuse for II-VI materials growth is detailed.
8.2 Direct growth of ZB MgS on GaAs
In this section, the first direct epitaxial growth of ZB MgS is detailed with various methods
of layer characterisations. Growth rate as well as the Zn incorporation in MgS layers
is determined and finally the dislocation densities of various MgS containing layers are
compared to ensure the quality of structures.
8.2.1 History of direct MgS growth
The stable bulk crystal structure of MgS is RS and the ZB structure is metastable when
grown epitaxially on a (001) GaAs substrate by using a growth technique such as MBE.
This has severely limited the initial attempts to grow MgS layers of reasonable thickness
in the metastable ZB phase. Teraguchi et al. were the first to grow ZnSe/MgS superlattices
on GaAs substrates by MBE using elemental sources of Mg and S and a clear transition
from two dimensional growth (2D) to three dimensional (3D) was observed from RHEED
as the layer thickness increased [5]. This was attributed to the conversion of the ZB MgS
to the RS phase and they estimated that the thickest MgS layer that could be grown without
phase conversion was 0.96 nm.
Using ZnSe buffer layers, much thicker ZB MgS layers can be deposited before critical
thickness is reached above which the structure reverts to RS [6]. Single ZB MgS layers of
up to 67 nm thick were grown on a ZnSe buffer layer, increased in this thesis (see Chapter
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4) to 200 nm by growing on top of an additional ZnSe/MgS/ZnSe smoothing layer at 240
oC.
Other attempts to grow thicker ZB MgS directly on GaAs substrate have always resulted
in an apparent phase conversion as soon as the growth starts. A very thorough study
recently confirmed that MgS only grows in the RS structure when deposited directly on
GaAs under normal growth conditions [7]. Although ZB MgS grown on ZnSe buffer
layers has found various applications, many potentially important applications such as
reusable substrates requires the growth of ZB MgS directly on the substrate.
8.2.2 Growth procedures
During this work, GaAs (100) substrates from both AXT and Wafer Technologies were
used. Minor changes were made to the existing pre growth preparations detailed in Sec-
tion 4.2.2. After degassing in the preparation chamber, samples were transferred to the
growth chamber where the oxide layer was desorbed at ∼580 ◦C and then cooled to the
growth temperature 240 ◦C. No Zn flux was applied to the substrate during cooling down.
After oxide removal, and during the 10-15 minutes needed to cool the sample to the
growth temperature a sharp 4x2 RHEED pattern was always obtained indicating minimal
surface contamination. No changes were noticed from RHEED at this stage compared to
a sample cooled down under impinging Zn flux.
8.3 Direct growth of ZB MgS
Following the successful growth of ZB MgS on GaAs, GaP and InP substrates using
buffer layers lattice matched to the substrates (see Chapter 5), it was evident that the key
parameters in the stability of ZB MgS were the Mg flux followed by substrate temperature.
Under optimised conditions the above mentioned work demonstrated the ZB MgS growth
over a wide range of lattice mismatches ranging from -3.1% (GaP) to +4.4% (InP).
The most important factor in those growths was the use of a very low Mg:ZnS flux ratio
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Figure 8.1: Schematic of the different ZB MgS growth regions plotted in a phase diagram of Mg
flux vs substrate temperature. (a) the region in green is where MgS was previously
grown at Heriot-Watt, (b) the defect controlled growth of MgS on ZnSe buffer layers,
detailed in Chapter 4 was performed in the area shaded in blue, whereas (c) the red
box is the only area where ZB MgS can be grown directly on GaAs substrate. Note,
the very narrow, 3 nA range of Mg flux. (d) Later it was found that MgS can be grown
on a ZnSe buffer layer in the yellow shaded area as well, without compromising layer
quality (however, the high temperature slope in this region is an estimate). ∗ denotes
the optimal growth area where the thickest layers were grown within the correspond-
ing regions, (a) 134 nm (on ZnSe buffer), (b) 200 nm (on ZnSe buffer) and (c) 35 nm
(on GaAs substrate).
of ∼ 1:42 as any increase in the Mg flux was noticed to significantly reducing the ZB
thickness. Above a flux ratio of 1:35 it was almost impossible to grow ZB MgS on such
widely lattice mismatched substrates.
The same method of controlling the Mg flux within a favourable growth temperature range
was adopted to investigate the growth of ZB MgS directly on GaAs substrate. Initially a
set of samples were grown by directly depositing MgS on the substrate at 240 oC. Fluxes
of BEP 14 nA and 550 nA were used for Mg and ZnS (flux ratio of 1:40), based on the pre-
vious work on the effect of varying Mg flux on initial layer nucleation detailed in chapters
4 and 5 [8, 9]. However, as soon as the growth started, the sharp 4x2 RHEED pattern be-
came diffuse and spottier. Within the first two monolayers growth, the RHEED became
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completely spotty with elongated diffraction spots along <111> directions, indicating an
abrupt transition from 2D to 3D growth as had seen previously [5].
Further growths were attempted by subsequently lowering the Mg flux and improvements
in RHEED patterns were noticed. At a Mg BEP of 7.5 nA, the RHEED pattern showed
streaky ZB growth for up to 2 minutes before indicating the reversion to rocksalt structure
by showing chevrons as reported earlier [5].
Several samples with the structure MgS (5 min)/ZnSe (10 sec) were then grown by gradu-
ally lowering the Mg flux. Here a very thin ZnSe capping layer was grown to prevent the
oxidation of MgS layer when in contact with atmosphere. In the region between 3 nA and
6 nA of Mg BEP, a narrow growth range was found, where MgS can be grown directly on
GaAs in ZB up to 35 nm (20 min growth time) thick. Interestingly, the Mg:ZnS flux ratio
within this growth range is ∼ 1:180. A schematic of the growth ranges used in this study
compared to the normal MgS growth on ZnSe is shown in Figure 8.1.
A detailed analysis of the as-grown MgS layers directly deposited on GaAs substrate is
given in the following section.
8.3.1 Analysis of MgS layers
RHEED was extensively used to observe the growth of MgS. The Mg flux dependence
of the ZB phase of MgS was constantly monitored and was significant in locating the
very narrow growth regime. The ZB phase of layers up to 35 nm has been confirmed by
RHEED observations during the growth of the MgS layer, which showed clear and sharp
integral streaks with faint c(2x2) patterns throughout, which is normal for good quality
MgS growth.
After the initial successful growths, several samples were grown for X-ray characterisa-
tion. Although direct diffraction from thinner MgS layers is extremely difficult, a sample
with the thickest MgS layer was examined with XRD. Figure 8.2 shows the 004 XRD
from this sample grown at 240 oC with the structure GaAs (sub)/ MgS (35 nm)/ZnSe(3
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Figure 8.2: 004 XRD scan of the structure GaAs(sub)/ MgS(35 nm)/ ZnSe(3 ML), showing the ZB
MgS peak at ∼ 2000 arc secs. The noise on the scan is the result of using a wider
detector slit as it is difficult to get a well resolved XRD peak from such a thin MgS
layer.
ML). A diffraction signal from the MgS layer was observed at ∼ 2000 arc secs showing
that the layer retained the ZB crystal structure.
Subsequently a sample with the structure GaAs (sub)/ MgS (12nm)/ ZnSe (300nm) was
grown and characterised using X-rays. Here thicker ZnSe capping layers are used primar-
ily to calculate the dislocation densities and probe the layer quality (results are given in
Section 8.3.5). Figure 8.3 shows the 004 XRD experimental scan data from this sample
which shows a well defined ZnSe peak. The observation of the ZnSe epilayer peak on
004 reflection further confirms that the structure was indeed ZB.
A ZnCdSe quantum well structure was also grown in the form MgS (buffer, 20nm)/
ZnCdSe (quantum well, 4.5nm)/ MgS (barrier, 20nm)/ ZnSe (cap, 3ML). Photolumin-
escence from this sample is given in Figure 8.4. The QW emission can be seen at 2.37 eV,
whereas the emission from the MgS barriers could not be observed as the laser excitation
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Figure 8.3: 004 XRD scan of the structure GaAs(sub)/ MgS(12 nm)/ ZnSe(300 nm), showing the
ZnSe peak at -500 arc secs. The smaller peak at +580 arc secs is a stray reflection
from CuKα2 radiation. MgS at this thickness will not generate an XRD peak.
energy of 3 eV was lower than the band gap of MgS. The PL excitation is not efficient, as
pumping is directly into the well. However the fact that there is any emission at all means
that the structure is reasonably free of non-radiative defects and that the MgS barrier is
continuous.
The sample shown in Figure 8.3 was also examined by SIMS (Loughborough Surface
Analysis). Sharp interfaces were observed between the GaAs, MgS and ZnSe layers and
as expected a small residual Zn signal was found in the MgS layer as seen in Figure
8.5. The Zn concentration estimated from SIMS measurements is a maximum of 2 %,
assuming that the sputtering rates for Zn in both the ZnSe and MgS matrices are similar.
The Zn incorporation was further confirmed during the XRI growth rate measurements
detailed in the following section. A comparison of the 004 and 115 reflections showed
that this sample was sufficiently thick to be ∼ 90% relaxed.
Finally, the sample mentioned above was studied using SEM. As shown in Figure 8.6 the
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Figure 8.4: 77K Ensemble PL from the structure MgS(20nm)/ ZnCdSe(4.5nm)/ MgS(20nm)
MgS layers can be seen, sandwiched between GaAs and ZnSe layers.
8.3.2 Growth rate calibration
Initially, growth rate was estimated from the samples grown previously with a Mg BEP of
13 nA. To study the effect of the lower Mg flux on growth rate, composition and crystal
quality, three X-Ray Interference (XRI) samples were further grown with the structure
ZnSe(40 nm)/MgS/ZnSe(40 nm) where the MgS layer was grown for 1, 2 and 3 min.
BEP of 3.5 nA and 500 nA were used for Mg and ZnS respectively. Both 004 and 115
reflections were used to obtain an unique layer thickness and composition [10]. A growth
rate of ∼0.34 A˚/s was obtained from XRI. All samples had well resolved XRI diffraction
fringes, which is indicative of good crystallinity throughout the entire structure. The Zn
mole fraction in the MgS layers was 0-2.2%, which is in the same range as previously
obtained with Mg fluxes 15 times larger [6] and is in good agreement with the value
estimated from SIMS analysis.
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Figure 8.5: SIMS analysis of the structure GaAs(sub)/ MgS(12 nm)/ ZnSe(300 nm).
8.3.3 Re-evaluation of the Mg sticking coefficient
The sticking coefficient of an element is the fraction of the arriving atoms that incorporate
into the epitaxial layer. Changes in growth temperature and II-VI flux ratio can affect the
sticking coefficient so the values determined here are specific to the growth conditions
at Heriot-Watt. Earlier studies at Heriot-Watt on MgS grown with higher Mg fluxes has
estimated a sticking coefficient of 0.4 and this value is used here for comparison [11].
The flux of magnesium atoms arriving at the surface, JMg is proportional to the ion gauge
current, IMg,
JMg = KIMg (8.1)
where, K is the constant of proportionality. However, not all atoms incorporate in the
surface, but only an amount JIncMg,
JIncMg = JMg×S (8.2)
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Figure 8.6: SEM image of the structure GaAs(sub)/ MgS(12 nm)/ ZnSe(300 nm).
where, S is the sticking coefficient. Similarly, JIncMg is proportional to the growth rate, g,
g = A× JIncMg (8.3)
where, A is the constant of proportionality. There are two slightly different growth rates,
g1 and g2 on the two corresponding growth regimes, (1) older higher Mg flux growth and
(2) the recent low Mg flux growth. Importantly, here K is a constant and S is a variable.
Combining Equations 8.1, 8.2 and 8.3,
g = AJIncMg = ASJMg = ASKIMg (8.4)
g2
g1
=
AS2KIMg2
AS1KIMg1
(8.5)
or
g2
g1
=
(
S2
S1
)(
IMg2
IMg1
)
(8.6)
Here, g1 and g2 are 0.45 A˚s−1 and 0.34 A˚s−1 respectively, whereas assuming S1, is 0.4
(as estimated earlier at Heriot-Watt, using the MgS samples grown with higher Mg flux
[11]) and IMg1 and IMg2 , 45nA and 5nA respectively, the sticking coefficient, S2 is found
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to be in the region of 0.2, under the growth conditions used previously.
8.3.4 Stability of the growth range
Subsequently samples were grown by changing the growth temperature. The stability of
ZB phase was found to be maintained between a growth temperature of 235-250 oC. For
any temperature above this range, the maximum ZB MgS thickness dropped significantly.
At a growth temperature of 255 oC, phase conversion was observed at 3.2 nm. Similarly,
any lower temperature was found to increase the Zn mole fraction. Samples grown at
220oC showed ∼ 10 % Zn incorporation. No changes were made in the ZnS flux, as in
Chapter 4 it was shown that the growth of MgS is not affected by any variation in a large
ZnS flux range between 450 nA and 750 nA [8].
A comparison of the growth ranges where ZB MgS can be grown directly on GaAs sub-
strate and also on ZnSe buffer layers is schematically shown in Figure 8.1. All the samples
grown within region C in the Figure 8.1 had a usable growth rate and low Zn incorpor-
ation. No growths on ZnSe buffer layer were attempted in region D. However from the
growth rate and layer composition determination in region C (Section 8.3.2), it is evid-
ent that even at a lower Mg BEP of 3 nA, the Zn mole fraction has not increased within
this temperature range. This shows that there is every possibility for successful ZB MgS
growth on ZnSe buffer layers in region D.
8.3.5 Comparison of dislocation densities
In thick relaxed semiconductor layers, the dislocation density can be measured and its
anisotropy determined by measuring the FWHM of the layer peak at different azimuthal
angles (Detailed in Section 5.6) [12].
To compare the dislocation densities, two samples were grown where the first had the
conventional ZnSe (40 nm)/MgS (10 nm)/ZnSe (300 nm) structure whereas the second
sample contained the new MgS (10 nm)/ZnSe (300 nm) structures. 004 rocking curves
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Figure 8.7: A comparison of 004 XRD scans from structures (a) ZnSe(40nm)/ MgS(12nm)/
ZnSe(300nm) and (b) MgS(12nm)/ ZnSe(300nm). The dislocation densities calculated
from the ZnSe epilayer peaks are given in Table 8.1
were obtained (Figure 8.7) from the epitaxial layers and their dislocation densities estim-
ated for [110] and [11¯0] directions are listed in Table 8.1. All are anisotropic with fewer
dislocations along [110] than [11¯0]. Previously published results for epitaxial ZnSe layers
grown on GaAs [12] show almost identical dislocation densities to the GaAs/ZnSe/MgS/ZnSe
structures examined here. Surprisingly the GaAs/MgS/ZnSe (second set) structures on the
other hand, show fewer dislocations than the first set. This reduction in dislocations can
be attributed to the absence of the slightly compressive strained (0.3 %), 40 nm thick ZnSe
buffer layer. The lower dislocation density on a GaAs/MgS system is interesting and can
be used in a wide range of applications, as all of the present day MgS based structures
and devices require the growth of a ZnSe barrier.
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Dislocation density (cm−2)
Heterostructure D[110] D[11¯0]
ZnSe/MgS/ZnSe 2.02 x108 2.10 x108
MgS/ZnSe 1.52 x108 1.58 x108
GaAs/ZnSe [12] 2.0 x108 2.50 x108
Table 8.1: Comparison of dislocation densities calculated from two azimuths from 300 nm thick
ZnSe capping layer FWHM.
8.4 Reusable substrates
One of the most important challenges faced by the semiconductor growth industry is high
production costs, for a significant part associated with the price of the substrates which are
necessary to obtain the generally desired single crystal layer structures. Once the structure
is grown, the substrate may not have any functions other than being an expensive carrier
for the structure.
In order to reuse a substrate, the first step involves the successful removal and subsequent
deposition of the epilayers. Probably the most successful method for GaAs has been
ELO. In III-V material systems, ELO utilizes the etching away of a very thin, ∼ 10 nm
sacrificial AlAs layer in HF. In II-VI materials, a similar thin MgS layer is removed in
HCl to separate the epilayers from the substrate. Due to the extreme selectivity of HCl
(the contrast in etch rates between MgS and ZnSe in HCl is ∼ 108 [13]), the substrate is
left unaffected and can in principle be reused for regrowth.
The viability of the ELO based substrate reuse in III-V materials is well demonstrated
by the different III-V devices which have been integrated with foreign substrates such as
LEDs on silicon [14, 15], lasers on glass and silicon [16, 17], photo detectors on glass
and silicon [18, 19], optical modulators on glass [20, 21], and GaAs MESFETs on an InP
directional coupler and a lithium niobate optical switch [22].
One major disadvantage on III-V ELO is that the exposure to the HF solution increases
the surface roughness of the wafer on a nanometer scale which prevents its direct reuse.
This requires extensive cleaning of the substrate before a regrowth can be commenced.
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Figure 8.8: Schematic representation of the GaAs/ZnSe heterostructure based reusable substrate
technique.
There are many re-preparation methods including chemical polishing and mechanical pol-
ishing. In chemical polishing, various polishing etch solutions are used to smoothen the
substrate surface, but as a result a few microns of substrate is lost every time. In mech-
anical polishing (also used for the fabrication of epi-ready GaAs substrates), any surface
contamination is removed firstly, followed by a chemo-mechanical planarization process
to polish the surface. The minimum thickness loss is∼ 10 µm in this case and considering
the average thickness of a 2" substrate being 350 µm, there is limit in the maximum num-
ber of times a substrate can be reused. All these processes require additional processing
and are costly (but, still up to 80 % cheaper than the cost of new substrates).
The 30% aqueous solution of HCl used in MgS based II-VI ELO, on the other hand is
less reactive compared to HF. However the concept of reusable substrates has never been
tried in II-VI growth primarily due to the fact that MgS, in ZB phase has never been
grown directly on a substrate before. Following the successful demonstration of the direct
epitaxial growth of ZB MgS on GaAs (Section 8.2), the substrate reuse is studied in detail
in the following sections.
8.4.1 Initial attempts on ZnSe buffer layers
Initially, the possibility of ZB MgS growth directly on a substrate was not considered as a
number of reports, mentioned in the previous sections had proved it not possible. During
the early stages of this project, the idea of substrate reuse was focussed around the growth
of MgS on a ZnSe buffer layer, etching away the MgS layer thus releasing the epilayer
and performing regrowth on the ZnSe layer.
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Figure 8.8 shows a schematic representation of the MgS based regrowth on a ZnSe buffer
layer. A buffer layer up to 50 nm thick is first grown on a GaAs substrate, followed by
a 10 nm layer of MgS and a further 50 nm ZnSe cap layer. ELO is then performed on
these samples, resulting in the separation of the ZnSe cap layer. The lifted ZnSe epilayer
is then transferred and deposited onto a glass substrate. The remaining substrate structure
(GaAs/ZnSe(50 nm)) is taken out of the etch solution as soon as the lift-off is complete
and rinsed with DI water. The substrate and ZnSe buffer is then chemically etched before
transferring to the growth chamber for regrowth.
8.4.2 Surface preparation of ZnSe
The main challenge faced during the regrowth on ZnSe buffer layer was the surface pre-
paration. RHEED images from a ZnSe surface reintroduced into the growth chamber for
regrowth showed diffuse streaks indicative of a smooth surface with some oxidation. Al-
though the oxide layer formation on a ZnSe surface is regarded as a slow reaction, few
monolayers thick ZnO could be formed by the time, the GaAs/ZnSe structure is back in
the growth chamber after ELO.
Previously, hydrogen plasma assisted oxide layer removal was successfully performed on
ZnSe substrates [23]. Here, oxygen, chlorine and carbon contamination was removed
from the surface of a ZnSe layer by exposure to hydrogen containing plasma. The same
group also demonstrated the use of reactive ion etching using BCl3 for removing a few
nanometers of the defective ZnSe surface layer, thus exposing a flat, new layer of ZnSe.
However both of these facilities were not available at Heriot-Watt, which required invest-
igating other techniques.
One method of removing the oxide layer is the sulphidisation of the surface. This method
has been shown to improve heteroepitaxial growth rates when used on GaAs substrates
[24]. The ZnSe surface is etched in a solution of ammonium sulphide (NH4)2S to strip
away the oxide layer and terminate the surface with sulphur. This was tried, but no signi-
ficant improvements were visible in RHEED compared to an unetched surface and hence
this method was abandoned.
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Subsequently GaAs/ZnSe samples were grown and treated with the HCl etch solution to
simulate the ZnSe surface after ELO. These samples were then chemically etched using
the standard GaAs cleaning solution and transferred to the growth chamber. Initially
RHEED showed diffuse streaks, so vacuum annealing was performed on these samples
before growth. Heating to ∼ 580oC lead to slight improvements in the RHEED pattern.
When cooled down to the growth temperature of 240oC the RHEED showed sharper
streaks indicating a much smoother surface.
8.4.3 Regrowth on ZnSe
Growths were initiated on the vacuum annealed GaAs/ZnSe structures by first depositing
a layer of ZnSe. As soon as the regrowth started, the RHEED pattern went very spotty
for the first two minutes, indicating 3D growth. RHEED started to improve after two
minutes and after three minutes of growth, the 2×1 pattern re-appeared showing very
streaky integral streaks which remained throughout the rest of the growth.
It was evident from the RHEED patterns that the first two to three minutes of the ZnSe
regrowth was 3D, which corresponds to the growth of approximately 10 nm of ZnSe. Al-
though the remaining growth was smooth, the possibility of dislocations introduced by
the nucleation on the ZnSe-ZnSe interface cannot be ignored. Likewise, another disad-
vantage of this method is that every regrowth requires the deposition of at least 10 nm of
excess ZnSe in order to smoothen the interface. This eventually leads to a much thicker
substrate structure (GaAs/ZnSe) and as the thickness increases, the critical thickness for
relaxation of ZnSe buffer layer become closer, resulting in more dislocations.
One of the samples, initially grown for this work was HWC485 with a structure GaAs(sub)/
ZnSe(40nm)/ MgS(10nm)/ ZnSe(300nm). Here a thick ZnSe capping layer was grown to
compare the dislocation densities from x-ray diffraction peaks. After growth, 004 XRD
scans from both [110] and [11¯0] azimuths were obtained. A 50% relaxed single ZnSe
epilayer was observed from XRD. Upon simulating, a fully strained buffer layer peak
was found to be superimposed in the 50% relaxed epilayer peak. ELO was performed on
the sample and the 300 nm thick ZnSe epilayer was released from the substrate structure
226
8.4 Reusable substrates
- 3 0 0 0 - 2 0 0 0 - 1 0 0 0 0 1 0 0 0 2 0 0 0 3 0 0 0
( a )
( b )Inte
nsit
y (c
ps)
θ/2θ (a r c s e c s )
 Z n S e ( 4 0 n m - o l d ) / Z n S e ( 2 0 n m - n e w ) /
                 M g S ( 1 0 n m ) / Z n S e ( 3 0 0 n m ) S u b s t r a t e  ( G a A s / Z n S e ( 4 0 n m ) )  a f t e r  E L O Z n S e ( 4 0 n m ) / M g S ( 1 0 n m ) / Z n S e ( 3 0 0 n m )
( c )
 
 
Figure 8.9: 004 XRD scans from (a) HWC485 with the structures GaAs(sub)/ ZnSe(40nm)/
MgS(10nm)/ ZnSe(300nm), (b) after ELO with a structure GaAs(sub)/ ZnSe(40nm)
and (c) HWC512 which has a structure ZnSe(20nm)/ MgS(10nm)/ ZnSe(300nm)
grown over (b)
(GaAs/ZnSe). This structure was then examined using XRD and a completely strained,
40 nm thick ZnSe layer was found. A comparison of the XRD of HWC485 before and
after ELO is given in Figure 8.9(scans (a) and (b) respectively).
The GaAs/ZnSe substrate structure was then chemically etched, vacuum annealed and a
regrowth was performed. The initial spotty RHEED patterns became streaky and showed
a 2×1 pattern after two minutes of ZnSe regrowth. This new sample denoted HWC512,
has a structure GaAs(sub)/ ZnSe(40nm-old)/ ZnSe(20nm-new)/ MgS(10nm)/ ZnSe(300nm).
By the end of the ZnSe buffer growth a very strong and streaky 2×1 pattern was visible
which transformed to a c(2×2) pattern during the MgS growth and reverted to a 2×1
pattern during the ZnSe cap layer growth.
004 XRD scans from [110] and [11¯0] azimuths were obtained again. An asymmetric
ZnSe epilayer peak, clearly showing at least two ZnSe layers with different strain states
can be seen from Figure 8.9(c). The most intense peak, from the 300 nm ZnSe was 100%
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Dislocation density cm−2
Heterostructure D[110] D[11¯0]
HWC485 2.02 x108 2.10 x108
HWC512 5.19 x108 5.32 x108
Table 8.2: Comparison of dislocation densities calculated from two azimuths from 300 nm thick
ZnSe capping layer FWHM (shown in Figure 8.9).
relaxed whereas the smaller buffer layer peak showed a 10% relaxation.
When comparing the 300 nm thick ZnSe layer on both HWC485 and HWC512, an in-
crease of relaxation from 50% to 100% can be seen. One of the reasons for the increase in
capping layer relaxation is the presence of an additional 20 nm ZnSe buffer layer. But such
a thin layer cannot possibly contribute such an increase in the layer relaxation. The pre-
sumable cause is the origin of the dislocations at the ZnSe-ZnSe interface as a result of the
3D growth evidenced by RHEED. A comparison of XRD scans from samples HWC485
and HWC512 is given in Figure 8.9(scans (a) and (c) respectively). Upon comparing the
dislocation densities of the 300 nm ZnSe epilayers of both HWC485 and HWC512, a
considerable increase in dislocations were found in HWC512 (Table 8.2).
8.5 First successful demonstration of completely reusable
substrates for II-VI growth
In this section, the first successful demonstration of reusing a III-V substrate for continu-
ous II-VI material regrowth is detailed. Reusable substrates were not tried before in II-VI
materials as previously it was not possible to grow an ELO release layer directly on a
substrate. With increased confidence from the successful growth of ZB MgS layers dir-
ectly on GaAs substrate as detailed in Section 8.3, the next obvious step was an attempt
at reusable substrates.
A GaAs(substrate)/ MgS(10nm)/ ZnSe(300nm) structure was grown to demonstrate the
process. A schematic representation of this method is given in Figure 8.10. A quarter of
a 2" GaAs wafer from AXT was used for the regrowth. The first structure was grown
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Figure 8.10: Schematic representation of the directly deposited MgS based reusable substrate
technique.
using the standard growth procedure. XRD scans from [110] and [11¯0] azimuths were
obtained.
The 300nm thick epilayer was then carefully lifted off the substrate using ELO. The sub-
strate was then taken out of the etch solution, rinsed using DI water, dried using OFN
and 004 XRD scans obtained. The surface of the substrate was examined using AFM and
UVM and was devoid of any nanoscale surface formations or defects. AFM analysis over
a 20µm×20µm area showed a near atomically flat area with an RMS surface roughness
of 0.5 nm.
Before commencing the second growth on the substrate, a chemical etch was performed to
remove any surface contaminations. This time a different etch solution replaced the stand-
ard 20:2:2 H2SO4:H2O2:H2O etch solution. Earlier in this study it was noted that upon
contact with the standard etch solution, the indium glue on the back of the previously used
substrate, reacts and forms a white residue. This eventually leaves a thin layer of white
contamination on the substrate surface and it is very difficult to clean afterwards, making
the substrate unusable. One possibility is the formation of indium sulphate (In2(SO4)3)
as a result of the reaction between indium and the concentrated sulphuric acid containing
etch solution.
After various tests a less acidic etch solution, 4:1:100 solution of H2SO4 : H2O2 : H2O
was found to be effective with two minutes of etching. This solution was used for all
the chemical etches afterwards. The substrate was always rinsed thoroughly after the
chemical etch in DI water to make sure no impurities are left on the surface before finally
loading into the growth chamber. No changes were made to the substrate bonding stage,
where the standard indium glue was used.
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Figure 8.11: 004 XRD scans from the structure GaAs(sub)/ MgS(10nm)/ ZnSe(300nm) grown on
a single GaAs wafer, (a) first growth, (b) third regrowth and (c) fifth regrowth. ELO
was performed every time to remove the 300nm ZnSe epilayer. 004 scans from the
respective substrates after ELO can be seen in Figure 8.12
.
The substrate was heated and the oxide layer was removed. No change in the RHEED
pattern sequence was observed. Upon oxide removal a 4×2 pattern was observed which
remained through to the growth temperature. MgS was first deposited on the substrate,
with a faint c(2×2) appearing initially after 20 sec which became sharper in 2 minutes.
The growth afterwards was steady with no indication of spots in the RHEED pattern.
Remarkably the interface seemed to be similar to that of a new substrate with absolutely
no signs of surface nucleation seen in the RHEED pattern. The 2×1 RHEED pattern
visible during the ZnSe deposition was sharp and streaky throughout.
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Figure 8.12: 004 XRD scans from the GaAs substrate after performing ELO on the GaAs(sub)/
MgS(10nm)/ ZnSe(300nm) structure. (a) Substrate after first ELO, (b) third ELO
and (c) fifth ELO. 004 scans from the respective structures before ELO can be seen
in Figure 8.11
The as-grown sample was initially examined using XRD before performing ELO, which
was repeated for the next regrowths. In total, the same substrate was used to grow five
times. 004 XRD scans obtained from sequential growths and the corresponding substrates
after ELO are shown in Figure 8.11 and 8.12 respectively. All the five growths were
identical with no significant difference in terms of RHEED observations during growth or
XRD scans detected.
The number of regrowth attempted on this particular substrate was five. However this is
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Dislocation density (cm−2)
Heterostructure D[110] D[11¯0]
MgS/ZnSe (First growth) 2.0 x108 2.1 x108
MgS/ZnSe (Third regrowth) 1.9 x108 2.0 x108
MgS/ZnSe (Fifth regrowth) 2.0 x108 2.2 x108
Table 8.3: Comparison of dislocation densities calculated from two azimuths from 300 nm thick
ZnSe capping layer FWHM (shown in Figure 8.11).
not a maximum as from the XRD scan it can be seen that the substrate is unchanged after
five regrowths. A Dektak surface analysis on the substrate has also shown a flat surface.
The dislocation densities were calculated from the 300nm ZnSe layers on three regrown
structures (first, third and fifth regrowth) and the results are given in Table 8.3. The
number of dislocations from all three epilayers was found to be well within a constant
range and denotes the fact that the dislocation density does not increase every time the
substrate is reused. This supports the idea that substrate surface was indeed defect free as
any increase in interface roughness would have increased the dislocations.
8.5.1 Advantages compared to III-V ELO system
The MgS based reusable substrate method demonstrated here has effectively avoided all
the limitations associated with the currently existing III-V ELO based reusable substrate
technique. Most of the problems in III-V ELO arise as a result of the use of HF as the etch
solution. Although the etch rate of AlAs in HF is much faster than that of the surround-
ing layers, the highly corrosive acid still reacts with the barrier layers, causing nanometer
scale surface roughness on substrate surface. Extensive chemical and mechanical polish-
ing cost time and up to 20% the of price of a new substrate.
By replacing HF with HCl as the etch solution in this method, all of the problems related
to surface roughness are avoided as evidenced from AFM scans. No significant changes
in surface roughness were observed in AFM scans obtained from a GaAs substrate surface
pre-growth and after 5 regrowths. This way, all of the thickness losses and costs associated
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with the re-preparation of a substrate for regrowth are avoided. Similarly the faster etch
rate of MgS in HCl also helps in lifting off larger areas much quicker.
8.6 Summary
The first experimental demonstration of the direct epitaxial growth of ZB MgS on GaAs
substrate has been performed. ZB MgS layers up to 5 to 10 nm, directly deposited on a
substrate is necessary in performing ELO and thus reusing substrates. Both RHEED and
XRD measurements indicate that the ZB phase can be grown in layers up to 35 nm thick
on GaAs substrate. A very narrow growth range has been found for this growth, where
the Mg flux has a range of only 3 nA BEP. The Mg:ZnS flux ratio in this growth range
was found to be 1:180. XRI samples grown within this range, on ZnSe buffer layers were
used to confirm the layer composition and growth rate measurements.
The presence of MgS layer was further confirmed with SIMS and SEM. Dislocation dens-
ities were calculated and compared on 300 nm ZnSe cap layers grown on top of a con-
ventional ZnSe/MgS layer and the new directly deposited MgS structure. Surprisingly the
new structure has the least number of dislocations.
Initial attempts to use a GaAs(substrate)/ZnSe(buffer) heterostructure as a base for sub-
strate reuse is also described. The absence of an effective technique to remove the oxide
formation from the ZnSe surface and the increasing thickness of the substrate base with
every reuse has ultimately led to abandoning this method.
The successful reuse of a substrate for the regrowth of II-VI materials has been demon-
strated for the first time. In order to avoid the possible formation of In2(SO4)3 as a result
of the reaction between H2SO4 in initial substrate cleaning solution and In on the back of
the substrate, a new etch solution has been used.
A MgS(10 nm)/ ZnSe(300 nm) structure was grown and lifted off five times from a single
GaAs wafer. XRD was used to examine and ensure the quality of epilayers after growth
and the substrates after ELO. Even after the fifth ELO, the substrate remained free from
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any surface roughness as evidenced from AFM scans. Dislocation densities were cal-
culated from all the five structures and were stable, meaning the dislocations does not
increase with the number of reuses. This method was found to be free from all the limit-
ations associated with the AlAs/HF ELO based III-V substrate reuse method.
8.7 Future Work
Since, both the direct growth of MgS and the reusable substrates are an entirely new
area of research in II-VI materials, a very large number of things can be learned from
continuing the works demonstrated in this chapter. The time constrains at the end of this
project has severely limited, the continuation of the works mentions below.
As evidenced from the XRD and AFM data, the reused substrate was free from any kind
of surface formations even after the fifth regrowth, and it means there is infinite possibility
in reusing the substrate. However, it will be interesting to study the surface of the substrate
in detail after certain number of regrowths. Resonance Raman study of the surface would
be ideal to understand the particles on the surface. Similarly a cross sectional TEM study
would certainly shed light into the effects of dislocations on the interface. More complex
structures containing the directly grown MgS layers can be well studied using PL and
electrical measurements.
One of the many areas left unexplored in this chapter is the possible conversion of MgS
into ZnS below the 3nA flux range. An area with a sudden drop of Mg sticking coefficient,
resulting in the growth of ZnS with a very slow growth rate (possibly negligible at 240oC)
is expected to find somewhere below 3nA, Mg BEP.
The modified etch solution for wafer cleaning may not be ideal in long term as it still
contains H2SO4 and reaction with In cannot be completely ruled out, however small it
is. This reaction has been observed rarely during this study. Subsequently, one wafer was
used for regrowth without a chemical etch and no significant difficulties were faced during
the growth other than a bit longer oxide desorption during vacuum annealing. Considering
the time, the substrate was left under atmospheric conditions outside the chamber, this
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could also mean that a better result could be obtained by loading the substrate straight
into the chamber after ELO.
A comparison surface study of an etched and un-etched substrate would be interesting
to see if the HCl solution used for ELO has any effect on the reused substrate surface.
Although never tried previously at Heriot-Watt, there are reports of the use of HCl con-
taining solutions for GaAs substrate cleaning [25–27]. If tried successful, HCl based
etching could be more effective in substrate reusing as the ELO etch solution already con-
tains HCl. The possibility of loading the substrate straight into the growth chamber after
ELO, has to be examined.
As a continuation to the work detailed in Chapter 5, it is interesting to examine the direct
growth of ZB MgS on GaP and InP substrates. There is great interest in reusing InP
substrates for various applications. Similarly reusing a whole 2" wafer can also be tried.
To speed up the etching process, minutely punched plastic carriers can be tried. This way,
the rate of gas transport through the etch channels can be increased.
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Chapter 9
Conclusions and outlook
In the previous chapters, details of the growth, stability and processing of ZB MgS based
structures has been presented. Each chapter ended with a summary and detailed future
work section. In this chapter, the collective results will be summarised and discussed.
Despite having some very interesting properties such as the ultra wide bandgap and the
lattice match to GaAs, the metastable ZB MgS has not found any attention-grabbing ap-
plications. Although the use of MgS as an efficient release layer in ELO has been demon-
strated previously, this application is also limited largely within the fundamental research
community. The main limiting factor for MgS not being used widely for ELO in real life
structures was the inability to grow the ZB phase of MgS directly on a substrate. Similarly
the growth was limited to GaAs substrate based structures because of the lattice match.
The main motivation for the experimental work detailed in this thesis was the potential
advantages of ZB MgS in ELO. As explained earlier the main limiting factor was the
restricted range of growth parameters. Most of this growth range has been exploited by
various research groups resulting in failed attempts to grow the ZB phase either directly on
GaAs substrate or on any buffer layer other than ZnSe. Accordingly, growth of MgS was
never attempted on lattice mismatched substrates, which was mainly due to the impression
that the metastable phase is very sensitive to growth conditions.
The initial work which started this project was not focussed on the ZB MgS growth, but
CdSe QDs grown on MgS barriers, which was essentially carried out alongside working
on improving the growth conditions of MgS. The density control of QDs is a real chal-
lenge when it comes to self assembly, as the parameters for control of dot formation are
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limited in MBE growth on non-patterned substrates. The focus in this work was on finding
a method to control the number density to the low 109 cm−2, as this region was particu-
larly difficult in MBE growth. Although there is a relation to the number of dots formed
to the amount of material deposited, it is not reproducible. A new method is explained in
this thesis where, by introducing appropriate time delays after layer deposition and during
annealing, the dot formation can be effectively controlled. No changes were made to any
other growth parameters including the amount of the material deposited (4ML). These
time delays were proved to be effective in bringing the number of QDs down to as low
as 3.8×109cm−2 and more importantly this is reproducible. At least three samples were
grown at every point in the introduced time delays to confirm the reproducibility of this
method. This is the lowest reproducible number of CdSe QDs reported to date grown
using a self assembly growth method like MBE. The most interesting finding in this work
was the suppression of island formation during the initial 1 min time delay soon after
the QD material deposition. During this time alone, at least half of the adatoms initially
available for the island formation were found to be lost beyond recovery. Various time
regimes, where the number of dots formed were saturated was also noted and this effect
certainly makes the control of density easier and effective.
Alongside the investigation of the density control of QDs, work was progressing on the
analysis of the ZB MgS growth conditions. Earlier on from this project, it was obvi-
ous that any advance in the use of MgS in new applications required optimisation of the
growth by eliminating existing growth related problems such as oxidation and surface
defect formation. In fact, all of these problems associated with growth can be ultimately
traced back to the formation of surface defects. It is through the surface pits that the rapid
oxidation of MgS starts. However, in thin MgS layers these pits are nanometer sized and
hence cannot be easily detected. A high Mg flux was found to be the reason behind these
surface formations. By gradually reducing the Mg BEP from ∼ 45 nA to less than 15
nA, pit formation can be effectively avoided and the samples grown using this method
were resistant to oxidation. Surprisingly a huge drop in Mg flux from 45 nA to 15 nA,
reducing the Mg:ZnS flux ratio to 1:36 has not affected the layer quality and composition
in any way as evidenced from the X-ray measurements. Subsequently, after optimising
the growth conditions by narrowing down the growth temperature range, the thickest ZB
MgS layer grown to date, at 200nm thick was produced on ZnSe/MgS/ZnSe smoothing
layers.
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Upon optimising the MgS growth the next obvious step was to attempt growth on lattice
mismatched substrates. ZB MgS growth was successfully performed on GaP and InP
substrates where the lattice mismatches were -3.1% and 4.4% respectively. Here the MgS
layers were grown on ZnS and Zn0.6Cd0.4Se buffer layers lattice matched to the respect-
ive substrates. The growth on GaP is particularly interesting, as theoretical predictions
forbid the growth of ZB MgS on GaP due to the compressive strain. This shows that the
epitaxial strain is unlikely to be important in stabilising the ZB phase and the growth is
truly metastable. Up to 40nm thick layers of ZB MgS has been grown on GaP substrate
before the phase conversion to RS. This is the first time that a metastable compound has
been successfully grown over such a wide range of lattice mismatches. Dislocation dens-
ity asymmetry was studied from the thicker capping layers grown on top of MgS layers.
All the examined layers have shown unequal dislocation densities on the two different
azimuths, with fewer dislocations along [110].
Following this work, the application of MgS based ELO was examined on GaP and InP
substrates for the first time. Structures were grown with a 7nm thick ZB MgS release
layer and lift-off performed successfully on both substrates, except where a ZnS cap layer
was used on GaP. Epitaxial layers lattice matched to both the substrates (except ZnS)
and further to the MgS layer were successfully separated from the original structure and
transferred to a glass substrate. As-grown structures were characterised structurally using
X-rays and the lifted epitaxial layers were optically examined using PL and absorption
spectroscopy. Differences in etch times were observed on different substrates where InP
based structures lifted much faster than standard GaAs based structures. Initially, diffi-
culties were faced during ELO on GaP based structures. Various etch related issues such
as intermixing at the MgS/ZnS interface and higher Zn incorporation in MgS layer due
to substrate temperature changes were examined. Zn incorporation was found to be not
affecting the etch whereas a thicker (>10nm) MgS layer was used to overcome the in-
termixing related issues. Finally it was found that the ZnS layer dissolves in the etch
solution over time and a replacement for the standard etch solution was investigated. The
growth of a thicker (∼15nm) MgS release layer is suggested in the future works to attempt
ELO using NaOH or citric acid (C6H8O7). The ability to lift-off epitaxial layers using a
MgS release layer irrespective of the lattice mismatches opens up a whole new range of
flexibility in II-VI based ELO.
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Some of the limitations of a traditional wax based ELO surfaced during working on the
lift-off on different substrates. Over curling of the epitaxial layer, uneven stress induced
by non uniform wax deposition, inability to observe the etch progress and the difficulty
in handling the brittle, waxed structure are few of the drawbacks of the existing Apiezon
wax based ELO. A possible reaction between the etch solution and wax was found to be
leaving a dusty deposit on the separated substrate over time which makes it unusable for
recycling. Similarly the solvent, used for the removal of wax layer can leave a residual
deposit on lifted epilayer and required further cleaning. The application of a flexible poly-
urethane carrier instead of the wax layer has been demonstrated in this thesis. This new
method is very easy to apply and effectively eliminates all the limiting factors associated
with the wax based ELO. Moreover this flexible carrier can act as a substrate in certain
applications such as solar panels. Equally, the use of transparent polyurethane carriers
helps to study the etch channels and H2S gas transport through these channels. Although
not studied in detail here, the etch rate and formation of etch channels could easily be
observed and studied using a basic optical microscope setup.
MgS has always been grown with a thin ZnSe capping layer to prevent the oxidation.
This has proved difficult at times, especially when the surface features on a bare MgS
sample have to be studied. During this project, AFM and SEARS studies of surface
dot formation on MgS required a cap free surface and it was observed that after a few
hours exposure to atmosphere, the surface MgS layer oxidised, distorting the surface dot
structures. Transportation of the samples to other laboratories also lacks an easy and coast
effective protective method. Even in the case of less reactive materials like ZnSe, surface
oxide layer formation is unavoidable. This was a difficult situation as it severely limited
the possibility of growing an additional epitaxial layer on top of an already existing II-VI
structure, grown in another lab. Deposition of an additional amorphous Se layer on top
of the structure at the end of the growth has proved very effective in tackling the surface
oxidation. This amorphous Se can be deposited at a low substrate temperature, typically
<100oC and can be easily removed prior to the next regrowth or characterisation stage.
The Se removal can be performed by heating the sample at ∼ 200oC for 2 minutes either
under vacuum or even at atmosphere and will not affect the structure in any way.
The main obstacle in reusing a III-V substrate for II-VI growth was the inability to grow
a release layer directly on a substrate. Initially attempts were made to use a GaAs/ZnSe
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heterostructure for regrowth as MgS can be easily grown on ZnSe. But a range of prob-
lems such as ZnSe surface oxidation and increasing thickness of the substrate structure
(GaAs/ZnSe) with every regrowth to smoothen the interface has resulted in abandoning
this method. This made it necessary to investigate the epitaxial growth of ZB MgS dir-
ectly on GaAs. From the previous work on controlling the surface defects, it was evident
that Mg flux and substrate temperature were the key parameters to investigate. As a result
a new ZB MgS growth region, well outside the normal growth range was found. Within a
Mg flux range of 3-6 nA and substrate temperature of 230-255 oC, ZB MgS can be grown
directly on GaAs substrate. X-rays, SIMS, PL and SEM were used to confirm the ZB
MgS growth on GaAs. Layers up to 35nm thick were grown on GaAs before the phase
conversion to RS has observed. Despite several previous attempts by various research
groups, this is the first time ZB MgS has ever been grown directly on a substrate.
With increased confidence from the direct growth of MgS on GaAs, the next obvious ob-
jective was the development of reusable substrates. ELO has been successfully performed
on MgS layers grown directly on the substrate. A MgS(10nm)/ZnSe(300nm) structure
was then grown on a GaAs quarter wafer and successfully separated by etching the MgS.
The separated substrate was used for regrowth and another four structures were grown on
the same substrate by performing ELO after every growth. The dislocation densities were
calculated from all the five ZnSe capping layers and found to be similar, which means the
dislocations do not increase with substrate reuse. The substrate after five regrowths has
shown no structural defects upon examining using X-rays and AFM. The maximum num-
ber of regrowths attempted was limited only by time constraints of this project. This is the
first time, the recycling of substrates has successfully been performed in II-VI materials.
Significantly, this method does not result in any of the numerous limitations currently as-
sociated with the HF based III-V substrate reuse. This is a potentially important technique
for reusing expensive substrates especially in wide ranges of industrially produced, large
area semiconductor structures.
This thesis looked into several problems faced in the growth and processing stages of ZB
MgS based structures and effective techniques were developed. A number of significant
future work ideas are detailed at the end of each chapter.
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